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Competition between agricultural producers and urban communities for high 
quality water is increasing; therefore, growers need to adopt water conservation and 
reuse practices to ensure an adequate supply of irrigation water.  One concern with 
recycled irrigation water is the potential to recirculate propagules of oomycete 
pathogens.  Constructed wetlands are a biologically-based treatment option for nutrient 
and chemical remediation that potentially also could filter pathogen propagules.  The 
goal of this study was to assess the susceptibility of plants routinely used in constructed 
wetlands to infection by species of Phytophthora commonly found at ornamental plant 
nurseries.  In laboratory and greenhouse experiments, an effective and relatively 
consistent inoculum delivery method for aqueous systems was developed using  
zoospores of five species of Phytophthora (P. cinnamomi, P. citrophthora, P. cryptogea, 
P. nicotianae, and P. palmivora) that were released from agar plugs placed in aqueous 
solution over 29- and 13-day test periods.  In a separate greenhouse experiment, four 
wetland plant species (Canna flaccida, Juncus effusus, Sagittaria latifolia, and Typha 
latifolia) were evaluated for potential infection by the five species of Phytophthora.  
Zoospore presence and viability were monitored throughout each experiment by a 
baiting bioassay and filtration.  Susceptibility of each plant species was determined by 
visual observation and isolation on medium selective for Phytophthora spp.  Two of the 
four wetland plant species screened in this study were not susceptible to species of 
Phytophthora; however roots of Canna flaccida and Juncus effusus were infected by P. 
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cinnamomi and P. cryptogea respectively.  Zoospore production by all species of 
Phytophthora, with the exception of P. cinnamomi, was suppressed by Canna flaccida.  
During all plant trials, a reduction in zoospore activity for the five species of 
Phytophthora in the plant treatments was documented when compared to control 
containers with no plants.  On samples collected in the field over an 18-month period, 
14 species of plants growing in established constructed wetlands at a production 
nursery in Georgia were sampled and roots were assayed for species of Phytophthora.  
Wetland plant species exhibited only limited association with naturally-occurring species 
of Phytophthora; pathogens were found infesting roots of only 22 of the 350 plants 
sampled.  Phytophthora spp. were not found infesting roots of Canna flaccida, Juncus 
effusus, and Lemna valdiviana.  Further testing of the susceptibility of Canna flaccida, 
Hydrocotyle umbellata, Pontederia cordata, Sagittaria latifolia, and Typha latifolia are 
needed because my results suggest that these species do not support growth and 
reproduction of the five species of Phytophthora used in this study.  By establishing 
constructed wetlands with plant species known to be not susceptible, propagules of 
Phytophthora will be less likely to establish themselves in roots and reproduce within 
the constructed wetland system.  This should allow the safe re-use of runoff for 
irrigation at the nursery and may limit or prevent escape of Phytophthora spp. in runoff 
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INTRODUCTION AND LITERATURE REVIEW 
Among the many environmental concerns of our time, water availability is one of 
the most important.  In the United States, the estimated area in production at large 
ornamental plant nurseries totals more than 190,650 hectares (USDA, 2007).  These 
nurseries utilize more than 37,800 kL of irrigation water per day (USDA, 2007).  Many 
facets of agriculture depend heavily on fresh water to grow and produce quality crops.  
Another aspect of water use in agriculture involves managing irrigation runoff, which 
can pose a threat to our natural water resources when contaminated with excess 
agrichemicals, e.g. fertilizers and pesticides.  The chemical and nutrient content of 
effluent from farms and plant nurseries can detrimentally impact the health and 
biodiversity of natural ecosystems (Yang et al., 2008; Taylor et al., 2006).  
Agricultural runoff frequently contains high concentrations of nitrates, 
phosphates, pesticides, and pathogens (Ghimire et al., 2009; Bush et al., 2003; 
MacDonald et al., 1994; Werres et al., 2007).  Nitrogen and phosphorus levels in excess 
of 0.4 mg/liter and 0.1 mg/liter, respectively, result in the eutrophication and 
subsequent hypoxia in surface water (Taylor et al., 2006; Yang et al., 2008).  Aquatic 
organisms asphyxiate as a result of diminished dissolved oxygen availability.  Vast dead 
zones are common during warm months and occur at the mouth of the Mississippi River 
as well as the Chesapeake Bay.  The serious environmental damage caused by nutrient 
contaminants originating from both point and non-point sources has prompted 
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environmental activists to lobby for stricter water quality legislation across the United 
States, including new numeric nutrient criteria in Florida and a Total Daily Maximum 
Load (TMDL) consent order in the Chesapeake Bay watershed—which limits nitrogen, 
phosphorus, and sediment loading (USEPA, 2010; USEPA, 2012).  
In 2012, Florida implemented numeric nutrient criteria for all surface and flowing 
waters within the state (USEPA, 2012).  The U.S. EPA and Florida Department of 
Environmental Protection have reached an agreement on water quality standards for 
Florida, which include numeric limits on the amounts of phosphorus and nitrogen 
pollution that are allowed in Florida’s lakes, rivers, streams, and springs.  Chlorophyll-a 
limits also were developed to correlate nitrogen and phosphorus loads with occurrence 
and magnitude of alga blooms in lakes (USEPA, 2012).  These numeric limits, also called 
TMDLs, are a scientific determination of the maximum amount of a given pollutant that 
surface water can absorb and still meet the water quality standards that protect human 
health and aquatic life (USEPA, 2012).  Florida is split into five watershed-based regions 
(McGill, 2010).   Each region has its own specific criteria to uphold.  For instance, 
streams in the west-central region of Florida must have less than 1.65 mg/liter total 
nitrogen and 0.49 mg/liter total phosphorus to be deemed healthy (McGill, 2010).  
These new standards apply to Florida class I and class III waters; these classes of water 
share water quality criteria established to protect fish consumption, recreation, and the 
advancement and maintenance of a healthy, diverse population of fish and wildlife 
(McGill, 2010).  It is hoped that these new standards will advance the restoration of 
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Florida’s impaired waters, specifically the 3,087 kilometers of rivers and streams that 
currently are impaired due to nutrient contaminants (USEPA, 2012). 
The state of Maryland along with the rest of the middle-Atlantic region is 
working to implement TMDL regulations for the Chesapeake Bay that were established 
by the EPA in 2010 to meet the President’s executive order to restore and protect the 
bay.  These measures aim to identify required reductions of nitrogen, phosphorus, and 
sediment across Delaware, Maryland, New York, Pennsylvania, Virginia, West Virginia, 
and the District of Columbia and set pollution limits necessary to meet applicable water 
quality standards in the Chesapeake Bay.  Specifically, the TMDL sets Chesapeake Bay 
watershed limits at 84.3 million kilograms of nitrogen, 5.7 million kilograms of 
phosphorus, and 2.9 billion kilograms of sediment per year.  The effect would be a 25% 
reduction in nitrogen, 24% reduction in phosphorus, and 20% reduction in sediment 
compared to present conditions (USEPA, 2010).  
The ornamental plant industry has made significant strides to address the need 
for water conservation and runoff management.  Recycling of runoff is one practice that 
can be implemented at nurseries and greenhouses to help manage both runoff to and 
nutrient contamination of off-site surface waters.  Many ornamental horticulture 
operations have installed infrastructure to facilitate water collection and recycling, both 
to reduce the release of contaminants into the environment and to conserve water 
(Garber et al., 2002). 
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Production of Ornamental Plants at Nurseries 
Importance of the nursery industry.  Ornamental plant production, which is an 
integral segment of the green industry, is an important sector of U.S. agriculture, 
especially in the Southeast.  One of the unique aspects of this industry is the high value 
of the commodities produced compared with traditional agriculture (Baker and 
Linderman, 1979).  Since the green revolution of the 1960s, increasing value has been 
placed on beautiful outdoor environments (Janick, 2005).  This value drove the 
expansion of ornamental plant production over the past 50 years.  In recent years, the 
green industry has been one of the fastest growing areas of U.S. agriculture (Jerardo, 
2007).  Grower sales receipt data showed an increase from $11.3 billion in 1996 to $16.9 
billion in 2006 (Jerardo, 2007).  This total sales value increased consistently every year 
for 40 years, from 1966 to 2006 (Jerardo, 2007).  At present, there are more than 21,585 
nursery operations in the United States with annual sales of $10,000 or more (USDA 
NASS, 2009).  As of 2009, the ornamental plant industry was responsible for $11.7 billion 
in sales annually and employed over 280,000 workers (USDA NASS, 2009).  Production of 
greenhouse and nursery crops is a major portion of green industry sales in the 
southeastern U.S. (USDA NASS, 2009).  Combined revenues from Virginia, Tennessee, 
North Carolina, South Carolina, Georgia, and Florida totaled $2.6 billion in 2009, 22% of 
the industry’s national sales (USDA NASS, 2009). 
Pathogen-related losses.  Protecting plants from pest and pathogen damage is a 
large and expensive problem for agriculture in the United States.  In 2009, plant disease 
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losses, including management costs, for all crop production in Georgia amounted to 
approximately $653 million.  Williams-Woodward (2010) reported that 11% of total 
crops in 2009 were lost to diseases.  Pests and pathogens are a predominant source of 
revenue loss for the nursery industry.  In a 2005 survey, North Carolina’s green industry 
reported annual losses of $91 million due to insects and diseases (NCDA, 2005).  Losses 
due to plant disease in Georgia in 2007 were estimated to be $43.4 million for nurseries 
(Martinez, 2008).   
Irrigation practices.  Typically, damp or wet conditions are favorable for plant 
pathogens, especially oomycetes that cause root rots (Schumann and D’Arcy, 2006).  
The method and frequency of irrigation influence disease incidence and severity in plant 
nurseries.  As a general rule, the less time plant foliage is wet or the root system 
remains saturated, the less likely it is for disease to occur (Schumann and D’Arcy, 2006).  
Nursery crops traditionally are irrigated using overhead sprinklers or micro-irrigation 
systems like drip lines or micro-spray devices.  Overhead irrigation uses the largest 
volume of water and has the lowest water application efficiency (Howell, 2003).  
Overhead irrigation also risks plant-to-plant spread of pathogen propagules by splash 
dispersal, which can move spores of species of Phytophthora over several meters 
(Ristaino and Gumpertz, 2000).  If overhead irrigation is the only economical or practical 
option, reducing the frequency of applications and scheduling irrigation based on crop 
needs and weather conditions are two strategies for managing incidence of diseases 
caused by Phytophthora spp. and other plant pathogens (Erwin and Ribeiro, 1996).  
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The use of micro-irrigation limits the area being wetted and keeps plant foliage 
dry.  However, this irrigation practice is only practical for larger containers.  Micro-
irrigation reduces the amount of water used and avoids oversaturating containers, a 
practice that can produce conditions in which species of Phytophthora thrive.  
Nevertheless, these systems are not without risk and can encourage disease if used 
improperly.  Growers should not run these systems for prolonged periods to avoid 
overwatering soils and container substrates.  
Water recycling.  As competition between agricultural producers and urban 
communities for high quality water increases, producers should consider conservation 
methods.  Recycled irrigation runoff, one alternative water source, is a last resort for 
many producers of nursery and greenhouse crops due to several biotic and abiotic 
factors that can affect plant health.  Despite these potential drawbacks, collection and 
reuse of irrigation water is a legitimate means to develop a more economical and 
sustainable plant production operation.  Many plant nursery operations have 
implemented technologies to collect and reuse their production effluent, thus 
conserving water and reducing nutrient and pesticide release into the environment 
(Figure 1-1).  In Alabama, most nurseries with more than 11 acres in production have 
retention basins to capture effluent for reuse as irrigation water or to slowly capture 
sediments, nutrients, or pesticide residues prior to discharge from the nursery (Fain et 
al., 2000).  In their 2002 publication, Garber et al. determined that 48% of nurseries in 
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Georgia captured effluent in a pond or retention basin and that those nurseries 

















Figure 1-1.  A diagram of water flow for a typical capture and reuse irrigation program.  
(USEPA, 1992) 
 
Many ornamental plant nurseries report water savings as a measure of their 
operation sustainability and commitment to minimizing environmental impacts.  
Monrovia Nurseries reported a savings of more than 9.4 billion liters of water per year 
at their four facilities by recycling more than 90% of irrigation water applied (Monrovia, 
2012).  The capacity to reuse irrigation water via recycling infrastructure could make the 
difference between success and failure for an ornamental plant nursery, especially 
when drought conditions occur.   
Currently, the United States is experiencing the most severe and extensive 
drought in more than 25 years.  As of late July 2012, 65% of farms in the U.S. were 
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experiencing drought: 21% of farms reported moderate drought, 21% of farms were 
experiencing severe drought, and 23% were experiencing extreme or exceptional 
drought (USDA ERS, 2012).  Water shortages have negatively impacted agricultural 
production throughout the country.  Droughts could become more common with 
climate change (Schaible and Aillery, 2012), so the ornamental horticulture industry 
should make every effort to capture and reuse irrigation water.  
As concerns over water scarcity intensify, regulatory agencies and the public 
increasingly scrutinize agricultural uses of water.  In recent years, federal, state, and 
local water quality regulations have established more stringent standards to manage the 
release of irrigation effluent to prevent nitrogen, phosphorus, and pesticides from 
contaminating groundwater and surface water supplies (Hong and Moorman, 2005).  
Although agriculture is generally considered a nonpoint source of pollution, many 
states, e.g. California, have classified nurseries and greenhouse operations as point 
sources of pollution (Berghage et al., 1999; Skimina, 1986).  The U.S. Congress (1956, 
1972) made it mandatory for industries and municipalities that are considered point 
sources of pollution to treat or recycle wastewater.  The effluent of point source 
contributors is subject to routine monitoring, and there have been cases where growers 
have been fined for releasing water that exceeds specified nitrogen limits (MacDonald 
et al., 1994).  As water quality criteria become more stringent (i.e., the Chesapeake Bay 
TMDL requirements and the Florida numeric nutrient criterion), nursery and greenhouse 
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operations will be under increasing scrutiny and pressure to limit and treat discharged 
irrigation runoff.  
One major concern limiting irrigation water reuse is the potential for infection of 
crops by pathogen propagules carried in recycled water (Bush et al., 2003; MacDonald 
et al., 1994).  Numerous studies have shown a positive correlation between irrigating 
plants with plant pathogen-contaminated water and disease incidence (Klotz et al., 
1959; McIntosh, 1966; Shokes and McCarter, 1979; Whiteside and Oswalt, 1973).  
Furthermore, MacDonald et al. (1997) concluded that recycled irrigation water can 
harbor significant levels of plant-pathogen propagules.  Researchers hypothesize that 
pathogens could be spread from a small number of infected plants to an entire nursery 
if propagules are present in recycled irrigation water (Pettitt et al., 1998). 
Other biotic factors, such as weed seeds and algae, also are of concern when 
capturing and reusing runoff (Adkins et al., 2010).  Recycled irrigation water could 
transport weed seeds and algae, just as it can disseminate plant pathogens (Maurer, 
1995).  Managing weeds in ornamental plant production, whether in the field, 
containers, or the greenhouse, can be difficult, but it is essential for successful 
production.  Weed species are in direct competition with the nursery stock for nutrients 
and water, potentially reducing crop vigor and growth rates (Elmore, 2009).  In addition, 
quarantine requirements limit the sale of ornamental plants infested with certain 
noxious weeds (Elmore, 2009).  Algae not only clog irrigation lines and micro-irrigation 
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heads but also compete with nursery plants for nutrients and form an impermeable 
layer on substrate surfaces that can interfere with water penetration (Pundt, 2010). 
The abiotic characteristics of recycled irrigation water also are important and 
must be monitored.  If managed improperly, recycled water can reduce plant vigor.  
Salinity, alkalinity, dissolved oxygen, and pH must be maintained at levels conducive to 
plant growth.  Salt toxicity can cause severe damage to plants through decreasing the 
osmotic potential of the soil.  As with any gradient, water will flow from areas of high 
osmotic potential to those of low potential, potentially causing severe dehydration and 
death if excessive salts accumulate in the soil near the plant root zone.  Salt levels can 
build up in retention ponds over time due to certain nursery management practices 
(Adkins et al., 2010).  Blending recycled water with fresh water is recommended to 
minimize the potential negative effects of salt stress on crop growth (Adkins et al., 
2010).  Normal alkalinity levels for irrigation water range from 60 to 100 ppm of CaCO3.  
If alkalinity in water is too high (>100 ppm), soil pH values will increase to levels that are 
detrimental to plant growth as nutrients may be bound or in an unavailable form.  
Additionally, if the pH of water used to mix pesticides is greater than 7.0, alkaline 
hydrolysis of pesticides such as carbamates, chlorinated hydrocarbons, 
organophosphates, synthetic pyrethroids, and others occurs, breaking down and 
inactivating the pesticide active ingredient (Adkins et al., 2010).  Low dissolved oxygen 
conditions in irrigation water can lead to the inhibition of microbial processing of carbon 
and can also have negative impacts on plant growth (Vymazal, 2007; Adkins et al. 2010).  
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The ideal pH for irrigation water ranges from 5.8 to 7.0, the range where nutrients are 
soluble and in plant available forms (Adkins et al. 2010). 
In Georgia, few nurseries treat water either for pathogens or to reduce alkalinity 
before reuse, and only 30% of nurseries check water quality before reuse (Garber et al., 
2002).  Monitoring water quality should be a routine and important nursery practice 
because water quality not only affects plant growth, but it also influences fertilizer, 
pesticide, and growth regulator effectiveness.  By maintaining high quality water, or at 
least knowing the relative quality of the irrigation water, a grower can avoid over-
fertilization and over-application of pesticides.  Through monitoring water quality, 
growers can decrease the cost of production inputs while enhancing plant quality, and 
therefore, improving profitability.  A number of management strategies for species of 
Phytophthora and other water-borne plant pathogens are available to nurseries and 
farms, but each method has its disadvantages.  These strategies can be categorized into 
two approaches: chemical or ecological treatment. 
Chemical treatment options.  Four of the most common chemical strategies to 
eliminate plant pathogens from water are chlorination, ozonation, copper or silver 
ionization, and UV light.  Chlorination is the most widely utilized water treatment 
method for nursery and greenhouse irrigation systems.  Chlorine can be added to water 
as tablets, injected as a gas, or produced from the electrolysis of sodium chloride.  While 
effective, the concentration of active chlorine needed to eliminate plant pathogens 
depends upon the pathogen, but excess free chlorine can be toxic to some plant species 
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(Hong and Moorman, 2005).  Efficacy of chlorination treatment is influenced by the pH 
of water and other factors like the amount of iron, sulfide, and ammonium in the water 
(Fisher, 2011; Hong and Moorman, 2005).  Chloramines, which are toxic to plants, have 
the potential to form as nitrogen fertilizers added to irrigation water after chlorination 
can react with free chlorine.  An additional disadvantage is the cost of the special safety 
equipment needed and the installation costs, which typically range from $3,500 to 
$7,000 (Water Education Alliance, 2012). 
Ozonation is the process in which ozone is bubbled through water and quickly 
oxidizes constituents (Hong and Moorman, 2005).  Through this process, plant 
pathogenic organisms are inactivated and the ozone is reduced to oxygen.  The 
disadvantages of this method include oxidation of fertilizers in the recycled irrigation 
water, the cost of treatment and holding tanks, and the risk of leaking ozone into the 
atmosphere (Hong and Moorman, 2005; Water Education Alliance, 2012).  Arguably the 
greatest problem with treating irrigation water with chlorine or ozone is that both 
chemicals are highly toxic to plants, as well as humans, at high concentrations (Hong 
and Moorman, 2005).  Ozone induces the formation of reactive oxygen species (ROS) 
that can severely damage cellular processes (Gillespie et al., 2011).  Ozone 
concentrations >150 ppb can result in acute ozone damage to plants. Chlorine gas 
concentrations of 400 ppm can be lethal to humans in 30 minutes (ATSDR, 2010).  
Several cases have been reported of workers being exposed to chlorine gas from leaking 
valves and their subsequent deaths, hours or days later (ATSDR, 2010).   
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Ultraviolet (UV) light with a wavelength between 200 and 280 nm eliminates 
most microbes from water (Hong and Moorman, 2005).  This method has been used to 
purify drinking water and as a staged treatment in sewage treatment plants (USEPA, 
1999).  Treatment occurs when water is exposed to high UV light in tubular chambers at 
an appropriate wavelength, strength, and exposure time.  For example, UV light at 500 
mJ/cm2 kills propagules of species of Phytophthora, Pythium, Colletotrichum, and 
Fusarium (Hong and Moorman, 2005; Water Education Alliance, 2012).  One benefit of 
UV light is that no residues remain after treatment, and it does not change water 
chemistry (Adkins et al., 2010).  It is important to note that water must be filtered to 
remove sediment and particulates before treatment with UV light, as turbidity or any 
particulates in the water disperse the UV light, reducing treatment effectiveness.  Cost is 
a major factor limiting implementation of UV treatment at nursery and greenhouse 
facilities, as purchasing the amount of equipment needed to handle sufficient water 
capacity required by a nursery would be very expensive.  Only limited volumes of water 
can be treated at a time because UV light penetrates to a very limited depth. 
Copper or silver ionization treats water by releasing free metal ions into the 
water, facilitated by passing an electrical charge between copper (or silver) plates.  
Copper and silver ions are toxic to most pathogens (Adkins et al., 2010).  For example, 
0.5 to 1 ppm of Cu2+ ions is effective at eliminating species of Pythium and Phytophthora 
from water (Water Education Alliance, 2012).  The concentration of copper ions needed 
to kill pathogens is within the range of nutritional copper (Fischer et al., 2009).  Since 
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plants normally do not take up more copper than they require, toxicity is not common 
(Fischer et al., 2009).  Thus, copper and silver are used when health of sensitive crops 
such as seedlings or cuttings are especially important (Water Education Alliance, 2012).  
Water pH levels must be maintained to optimize efficiency of copper or silver ionization.  
Free copper ions can start to precipitate out of solution at a pH of 7, so water pH must 
be maintained between slightly acidic to neutral (Water Education Alliance, 2012).  
Currently, initial cost for an ionization system is around $5,000 depending on flow rate, 
electrical conductivity, and other system requirements (Fischer et al., 2009). 
Ecological treatment options.  Slow sand filtration has been used for over a 
century for treating drinking water and other applications (Ellis, 1985).  Beginning in the 
1980s, research efforts began focusing on using sand filtration to treat irrigation water 
at plant nurseries (Wohanka et al., 1999).   In slow sand filtration, water is pumped into 
and held in a 1-meter headspace before percolating through the sand substrate.  The 
consistent head-pressure of the 1-meter column of water and gravity force the water 
from the headspace through a biological layer that has formed on the surface of the 
substrate.  This biological layer is densely populated with algae, plankton, diatoms, and 
bacteria, which trap and digest organic matter, oxidize nitrogen, remove color and 
pathogens, and strain suspended particles (Huisman and Wood, 1974; Ellis, 1985).  The 
water then is purified by the physical properties of the substrate where all solids, 
colloids, and complex salts are removed (Barrett et al., 1991; Huisman and Wood, 1974).  
Clogging with slow sand filtration can occur if fine organic particles or algae contaminate 
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the influent water.  The main shortcoming of slow sand filtration is the surface area 
required to treat large volumes of water within a reasonable time frame (Huisman and 
Wood, 1974).  The surface area needed for slow sand filtration depends upon both the 
volume of water to be treated and the flow rate through the filter. 
Rapid sand filtration employs only physical filtration, rather than both the 
physical and biological filtration utilized in slow sand filters.  The rapid flow rates 
through the filters prevent growth of microbial communities and formation of a 
biological layer.  Rapid sand filters process water 20-50 times more quickly than slow 
sand filters, and, therefore, only need about 2-5% of the surface area that a slow filter 
needs to treat the same volume of water in the same amount of time (Huisman and 
Wood, 1974).  However, rapid sand filters only effectively remove sediment and larger 
organic debris.  They are not effective for removing pathogen or other biotic (weed seed 
or algae) contaminants (Huisman and Wood, 1974).  Because of the fast flow rates, a 
rapid sand filter needs to be cleaned 20 to 50 times more often than a slow sand filter, 
which can run for several weeks to several months before cleaning is necessary (Barrett 
et al., 1991).  To avoid such frequent cleanings, growers often back-flush rapid sand 
filtration systems. 
Vegetated buffers are canals or ditches planted with aquatic plant species (e.g., 
grasses, sedges, Sagittaria spp., etc.) that carry water away from production areas and 
towards collection ponds or areas for water treatment.  The vegetation in these 
channels effectively slows surface flow and traps sediment, nutrients, and pesticides 
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before they are discharged into surface waters (Hickey and Doran, 2004).  Erosion 
control is another benefit of vegetated buffer strips, as sediment accumulates in the 
ditches rather than washing off-site.  Studies reviewed by Hickey and Doran (2004) 
suggest that nutrient removal by vegetated buffers is highly variable and depends on 
the width as well as the length of the vegetated area. 
Constructed wetlands are man-made wetlands built to mimic the 
biogeochemical filtration ability of natural wetlands.  Constructed wetland systems are 
most often used to treat polluted effluent from municipal and industrial point sources 
worldwide (Vymazal et al., 2006; Vymazal, 2011).  While not developed specifically for 
the removal of pathogens, tertiary treatment constructed wetlands associated with 
wastewater treatment plants are effective at decreasing bacteria, protozoa, and viruses 
(Garcia et al., 2003; Kamizoulis, 2005).  Garcia et al. (2003) found that substrates with 
finer grain size and longer hydraulic retention time increase pathogen removal in 
constructed wetlands utilizing subsurface flow treatment cells.  Contrary to the findings 
of studies involving human pathogens (Garcia et al., 2003; Kamizoulis, 2005), Ufer et al. 
(2008) reported that the one constructed wetland in their study eliminated zoospores of 
Phytophthora spp. in some but not all water samples assayed.  A benefit of constructed 
wetlands is that regular maintenance tasks are limited to monitoring of flow, 
maintaining water levels, and monitoring water quality and biological parameters.  
More intensive maintenance such as pump repair or vegetation management is 
required less frequently (Rousseau et al., 2008).  Problems associated with constructed 
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wetlands are clogging, strong odors if the system becomes anaerobic, 
evapotranspiration, nitrification, and salinization (Vymazal et al., 2006). 
History and Taxonomy of the Genus Phytophthora 
Phytophthora species parasitize a wide range of agricultural, ornamental, and 
forest plants and are ubiquitous in water sources throughout the world (Erwin and 
Ribeiro, 1996; Tyler et al., 2006).  The most notorious species of Phytophthora is P. 
infestans, the pathogen responsible for potato late blight and the resulting Irish potato 
famine in 1845; a tragedy of war-like proportions in which Ireland lost 25% of its 8 
million inhabitants to starvation and emigration (Erwin and Ribeiro, 1996).  In the 
reference book, Phytophthora Diseases Worldwide, Erwin and Ribeiro (1996) declare, 
“Perhaps no other single plant disease has resulted in such widespread human suffering 
and sociological impact.”  Since Anton de Bary described P. infestans in 1876, more than 
100 species of Phytophthora have been identified (Brasier, 2009).  While the host range 
of P. infestans is limited to potato and tomato, many other species have wide host 
ranges (Erwin and Ribeiro, 1996).  In Erwin and Ribeiro’s 1996 book, Phytophthora 
cinnamomi was reported to parasitize more than 900 species of plants and P. nicotianae 
was reported to attack more than 250 species (Erwin and Ribeiro, 1996).  
Not only do species of Phytophthora have an impact on food, fiber, and 
ornamental plant production, they also can threaten native ecosystems.  Phytophthora 
cinnamomi caused one of the most severe epidemics in history in the jarrah tree 
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(Eucalyptus marginata Donn ex Smith) forests in Western Australia (Weste and Marks, 
1987), and P. ramorum is currently decimating the coastal oak and tanoak forests of 
California and southwest Oregon and poses a threat to Eastern red oak forests (Rizzo et 
al., 2002; Werres et al., 2001).   
The genus Phytophthora is in the kingdom Chromista or Straminipila, depending 
on whose taxonomy you choose to follow (Dick, 2001; Grunwald et al., 2008; Tyler et al., 
2006).  Major straminipile groups include the brown algae, diatoms, and oomycetes—of 
which Phytophthora is a member.  The current classification of the genus Phytophthora, 
according to the CABI Bioscience Database (www.indexfungorum.org) is: 
Kingdom – Chromista (Straminipila) 
Phylum – Oomycota 
Class – Oomycetes 
Order – Peronosporales 
Family – Peronosporaceae 
Genus – Phytophthora 
Oomycetes previously were classified as fungi due to their morphological and 
physiological characteristics.  Commonalities between these two groups include 
vegetative growth by hyphae, heterotrophism, multiple spore types such as sporangia 
(which can serve as conidia), zoospores, chlamydospores, and oospores—which are long 
term survival structures (Erwin and Ribeiro, 1996; Nicholls, 2004; Tyler, 2001).  
Oomycetes are now considered “fungus-like” because they possess some distinct 
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qualities not found among true fungi.  Oomycete cell walls contain cellulose and β-
glucans, while fungi have cell walls consisting of chitin or chitosan (Tyler, 2001).  
Additionally, all straminipiles at some point in their life cycle produce heterokont 
zoospores with two unequal flagella; this characteristic can be seen on species of 
Phytophthora.  Members of Oomycota undergo sexual reproduction by the production 
of oospores (Erwin and Ribeiro, 1996).  Oospore production occurs through sexual 
recombination after fusion of the antheridium and oogonium (Erwin and Ribeiro, 1996). 
Species of Phytophthora can produce three asexual structures: chlamydospores, 
sporangia, and zoospores.   Chlamydospores are thick-walled survival structures formed 
by the pathogen under environmental stress and allow species of Phytophthora to 
survive adverse conditions in soil or plant material, making them difficult to eradicate 
(Erwin and Ribeiro, 1996).  Sporangia are propagules that can germinate directly or can 
germinate indirectly and produce numerous zoospores that are motile in water (Erwin 
and Ribeiro, 1996; Nicholls, 2004).  Sporangia release zoospores when the osmotic 
potential within a sporangium is higher than that of the external solution or by swelling 
of the matrix within the sporangia (Erwin and Ribeiro, 1996). 
Zoospores are kidney shaped and typically around 10 μm in diameter.  Each 
zoospore has two flagella growing from the concave side (ventral) that are used for 
motility in water (Erwin and Ribeiro, 1996).  Zoospores can swim for hours and 
eventually encyst after agitation, contact with hard surfaces, or loss of energy reserves.  
When zoospores encyst, the flagella are shed or retracted, the shape becomes a sphere 
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(i.e., encystment), and the cyst germinates by producing a germ tube (Erwin and Ribeiro, 
1996).  Zoospores exhibit negative geotropism, movement toward the surface of the 
water, and chemotaxis, movement toward a chemical gradient, e.g., exudates from 
plant roots (Erwin and Ribeiro, 1996; Islam, 2001). 
Current threats to native ecosystems.  Escape of exotic pathogens into the 
environment poses a great threat to natural ecosystems across the U.S., and in some 
cases already have caused catastrophic damage (Rizzo et al., 2002).  The issue of plant 
pathogens in agricultural runoff has earned widespread attention with the battle against 
sudden oak death on the west coast.  Destruction of thousands of trees in oak forests by 
P. ramorum, the causal agent of sudden oak death, has increased efforts to quarantine, 
manage, and prevent further spread of this pathogen, as eastern forests also are 
threatened by this pathogen (Moltzan et al., 2012).  Phytophthora ramorum causes 
cankers on trunks and widespread mortality of oak and related species as well as leaf 
spots and foliage blights on other understory host species in coastal forests of California 
and southwest Oregon (Moltzan et al., 2012; Rizzo et al., 2005).  First discovered in the 
mid-1990’s, P. ramorum initially was isolated from tanoak trees in California (Rizzo et al, 
2002).  By 2003, it had been detected on rhododendron, camellia, and other woody 
plants in nurseries in California, Oregon, Washington, and British Columbia (Davidson et 
al., 2003).  In 2004, the disease became a national concern when a large wholesale 
nursery in California shipped infected camellia plants to nurseries and other customers 
in 40 states, resulting in the detection of P. ramorum in 179 nurseries nationwide (Parke 
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and Grunwald, 2012; Tjosvold et al., 2008).  The threat posed by species of 
Phytophthora is compounded by the pathogen’s ability to produce zoospores that 
disseminate in water.  Once zoospores are produced, they can be spread through 
splashing rain, runoff, irrigation water, and stream water (Werres et al., 2007; Zhang et 
al., 2010).  Currently P. ramorum has been found in many streams and watersheds in 
California, Oregon, and Washington where it continues to infect native oaks and tanoaks 
and destroy forest ecosystems (Chastagner et al., 2009).  
The southwestern region of Australia is high in natural diversity and plant species 
richness with 5710 recorded plant species (Shearer et al., 2004).  The invasive plant 
pathogen P. cinnamomi has severely affected the jarrah forests of southwestern 
Australia (Hardy and Sivasithamparam, 1988).  Dunstan et al. (2010) reported that 
nearly one million hectares of this biodiversity hotspot are now infested.  The damage 
caused by P. cinnamomi in Australia amounts to the destruction of whole plant 
communities, eliminating 50-75% of the species present, including both valuable timber 
trees and a whole array of brilliantly flowering woody shrubs that are endemic to 
Australia (Weste and Marks, 1987).  The death of 59 indigenous species in 34 genera 
and 13 families has been recorded from infested jarrah forests (Weste and Marks, 
1987).  Shearer et al. (2004) found that more than 3,000 of the indigenous plant species 




Occurrence of Phytophthora spp. in ornamental plant production.  The 
ornamental horticulture trade has been identified as a major route for pathogen 
introduction to new areas, as was demonstrated in the first report of P. ramorum in the 
U.K. (Lane et al., 2003).  Nurseries can facilitate introduction of exotic species of 
Phytophthora to new regions through transport of infected or infested plant material 
(Parke and Grunwald, 2012; Pautasso et al., 2010).  Nursery stock is an important long 
distance vector for many pests and pathogens, including exotic invasive pests (Parke and 
Grunwald, 2012; Pautasso et al., 2010).  This was clearly exhibited in 2004 when 179 
nurseries in 40 states were shipped plants infected or infested with P. ramorum (Parke 
and Grunwald, 2012; Tjosvold et al., 2008).  Subsequently, this exotic pathogen has been 
detected in streams in many southeastern states (Figure 1-2).  The detection of new 
hybrid species of Phytophthora in nurseries, such as P. alni subsp. alni, indicates that 
Phytophthora species are evolving, possibly in nursery locations where related but 
geographically isolated species come in contact (O’Brien et al., 2009; Schwingle et al., 
2007). 
A number of species of Phytophthora—including P. cinnamomi, P. citrophthora, 
P. cryptogea, P. drechsleri, P. nicotianae, and P. palmivora—are known to cause root 
rot, crown rot, and foliage blight on a variety of ornamental crops grown in nurseries, 
greenhouses, and landscapes (Chase et al. 1995, Erwin and Ribeiro, 1996).  Olsen and 
Benson (2011) conducted a survey of North Carolina greenhouses from 2007 to 2008.  
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floriculture crops in commercial greenhouses in North Carolina had increased over the 
past 5 years.  A few species have developed mefenoxam resistance, presumably through 
frequent fungicide applications on highly susceptible hosts (Olsen and Benson, 2011).  
The most prevalent species recovered in this study, P. nicotianae, had over 50% of the 
isolates resistant to mefenoxam at 100 μg a.i./ml.  Species of Phytophthora isolated 
from recycled irrigation water at ornamental plant nurseries in Virginia by Bush et al. 
(2003) included P. capsici, P. citricola, P. citrophthora, P. cryptogea, P. drechsleri, P. 













Figure 1-2.  Documented transcontinental dispersal of P. ramorum via nursery plants 




Phytophthora species are common pathogens impacting production of 
ornamental plants worldwide.  Current methods to prevent the movement and escape 
of these pathogens include certifications, end-point inspections, and quarantines (Parke 
and Grunwald, 2012).  While well intentioned, these methods have failed to prevent 
infected plants from being shipped.  Parke and Grunwald (2012) suggest a more 
preventative approach to nursery disease management that examines contamination 













Figure 1-3.  A production flow chart for a typical production container nursery.  Each 
step in this process should be evaluated for possible means of pest and pathogen 
introduction. (Used with permission of Parke and Grunwald, 2012). 
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It is critical that management practices are improved, as it is highly likely that more 
exotic pests and pathogens will continue to threaten agriculture, forest, and ornamental 
crops in the near future.  With more than a 500% increase in live plant imports into the 
U.S. since 1967 and a large influx of plants shipped from China, New Zealand, Australia, 
and Costa Rica, it is inevitable that plants in the U.S. will be exposed to a new array of 
exotic pests and pathogens in the coming years (Parke and Grunwald, 2012). 
Isolation and Detection of Phytophthora spp.  
Techniques for detection in water.  Filtering and baiting techniques commonly 
are used to detect species of Phytophthora in irrigation water.  These techniques are 
useful because they permit separation and quantification of species of Phytophthora 
that are isolated (Bush et al., 2003).  Several studies have been conducted using either 
filtering or baiting techniques to recover Phytophthora spp. present in water (Ghimire et 
al., 2009; Hwang et al., 2006; MacDonald et al., 1994; Shokes and McCarter, 1979).  
Bush et al. (2003) conducted a study using a vacuum pump to filter water samples.  A 
50-ml subsample of water was filtered, and then filters were placed into individual test 
tubes containing dilute water agar and vortexed to suspend propagules.  One milliliter 
of this suspension was then plated on PARPH-V8, a medium selective for Phytophthora 
spp. (Ferguson and Jeffers, 1999).  Hwang et al. (2006) directly plated the filter, face-
down, on PARPH-V8 medium.  After incubation, colonies were counted and the 
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concentration of Phytophthora spp. in the original water sample was determined (Bush 
et al., 2003; Hwang et al., 2006). 
Baiting involves the use of plant material to recover Phytophthora spp. from soil 
or water.  While baiting is unable to recover quantifiable numbers of propagules of 
Phytophthora spp., it is a more sensitive method of detection because it samples a 
larger volume of soil and zoospores are attracted to leaf bait tissue (Bush et al., 2003; 
Ferguson and Jeffers, 1999; Jeffers and Aldwinckle, 1987).  Rhododendron and camellia 
leaves and leaf discs commonly are used in this process (Ferguson and Jeffers, 1999; S.N. 
Jeffers, personal communication).  Leaves and leaf discs float on the surface of the 
water or water-soil suspension in the laboratory or are placed in mesh bags and 
tethered in waterways (e.g., ponds, drainage ditches, streams, etc.).  The motile 
zoospores of species of Phytophthora are attracted to and colonize bait leaf tissue.  
After one to several days, the leaf baits are removed, rinsed free of debris, blotted dry, 
and embedded in PARPH-V8 selective medium (Bush et al., 2003; Ferguson and Jeffers, 
1999).  Other studies have used pear fruits as baits (McIntosh, 1966; Tjosvold et al. 
2008).  In this method, unripe pears are suspended in each water sample for 48 hours 
and then placed on paper towels for an additional 72 hours.  Lesions caused by 
Phytophthora spp. were clearly distinguishable from those caused by other common 
water-borne pathogens like Pythium spp.  Phytophthora spp. were then isolated from 
the lesions by plating on selective medium (McIntosh, 1966; Tjosvold et al., 2008). 
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Isolation from roots.  Species of Phytophthora can be detected by plating 
diseased tissue onto selective medium to allow hyphae to grow from the infected plant 
material when plates are placed at appropriate environmental conditions (O’Brien et al., 
2009).  Benson and Grand (2000) utilized a typical root isolation procedure.  Each root 
sample was washed under running tap water, blotted dry, and cut into 5- to 10-mm 
segments.  Ten segments were placed on a plate of selective medium.  After 24 to 48 
hours of incubation, mycelium growth in the agar was examined microscopically for 
presence of Phytophthora spp.  Research conducted by Jeffers and Martin (1986), Hardy 
and Sivasithamparam (1988), and Schwingle et al. (2007) all followed similar protocols. 
Identification of Phytophthora spp. 
Morphological characteristics.  Members of the genus Phytophthora produce 
characteristic structures that can be used for species identification.  Sporangia are 
asexual propagules that produce and release zoospores in aquatic environments.  Many 
species of Phytophthora require culturing in soil extract under light to induce 
sporangium formation (Erwin and Ribeiro, 1996).  The papilla on a sporangium is a 
feature used to aid in identifying species of Phytophthora (Erwin and Ribeiro, 1996).  
Sporangia may be classified as papillate, if papillae are conspicuous and appear as full 
half‐circles when viewed transversely; semi‐papillate, if papillae are conspicuous but 
appear as less than full half‐circles; or non‐papillate if papillae are inconspicuous and do 
not protrude beyond the sporangium apex (Erwin and Ribeiro, 1996).  The branching 
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habit of sporangiophores also can be useful in identification.  Branching patterns can be 
unbranched, a simple sympodium, a compound sympodium, or an umbel (Erwin and 
Ribeiro, 1996).  The caducous or deciduous nature of sporangia and subsequent length 
of the subtending pedicel are key features of some species of Phytophthora.  
Oospores also provide key features that help to differentiate among species 
(Erwin and Ribeiro, 1996).  An oospore is a thick walled, sexual spore that forms within 
the oogonium after fertilization by the antheridium.  Species may be homothallic or 
heterothallic, with oospores formed by a single culture or only after pairing opposite 
mating types (A1 and A2), respectively.  The relationship of antheridium attachment to 
the oogonium is an important morphological characteristic, with some being 
paragynous, attached at the side, and others being amphigynous, in which the oogonial 
stalk is surrounded by the antheridium (Erwin and Ribeiro, 1996).  Lengthy and 
descriptive charts can be found in Erwin and Ribeiro’s reference book (1996) describing 
the morphological characters of over 50 species of Phytophthora. 
Molecular characters.  Because of the inherent difficulties in culture‐based 
identification methods, researchers have turned to molecular fingerprinting techniques 
that rely on unique patterns or sequences present in the genome of an organism.  In 
particular, DNA‐based techniques have become an effective means for identifying 
species of Phytophthora (Erwin and Ribeiro, 1996).  The ability to genetically fingerprint 
individual isolates provides an enhanced capability for rapid and accurate identification 
of Phytophthora spp. (Duncan and Cooke, 2002; Kong et al., 2003, Ristaino et al., 1998).  
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Molecular techniques effectively separate and identify morphologically similar species 
of Phytophthora, eliminating any confusion that comes from identification based solely 
on morphological features (Cooke et al., 2000). 
Restriction fragment length polymorphism (RFLP) analyses of nuclear and 
mitochondrial DNA and DNA sequence data have been used for the past 25 years to 
differentiate species of Phytophthora through analysis of specific regions, such as the 
internal transcribed spacer regions (ITS) of rDNA (Cooke and Duncan, 1997) and the 
mitochondrion-encoded cytochrome oxidase (cox) I and II genes (Martin and Tooley, 
2004). 
Due to improvements in technology, the cost of DNA sequencing has been 
reduced dramatically, making it readily available to researchers.  Sequence analysis is 
the currently accepted research procedure for identification of isolates of Phytophthora 
spp. (Brasier, 2009).  In this procedure, once DNA in the ITS regions is amplified, the 
polymerase-chain reaction (PCR) product is purified and sent for sequencing.  Aligning 
the sequences obtained from forward and reverse primers permits formation of a 
concatenated sequence (Hulvey et al., 2010; Jung and Nechwatal, 2008).  The resulting 
concatenated sequence is then compared and matched with nucleotide sequences of 
identified isolates deposited in online databases such as NCBI GenBank and 
Phytophthora-db.  Sequence homology tools are used to compare the sample isolate to 
known isolates previously deposited in the database and to find similarities among 
isolates (Hulvey et al., 2010; Schwingle et al., 2007). 
 
30 
Constructed Wetlands and Vegetated Buffers 
Purpose and goals in the nursery setting.  Ornamental plant production in 
greenhouses and nurseries has a high chemical input with the continuous use of 
pesticides, growth regulators, and fertilizers (Berghage et al., 1999).  Fertilizer inputs can 
reach several thousand kilograms per hectare per year (Nelson, 1991) and peak water 
use can exceed 180,000 L/ha/day, generating up to 18,000 to 19,000 L of 
wastewater/ha/day (Aldrich and Bartok, 1994).  The current state of ornamental plant 
production coupled with increasingly stringent water quality standards presents the 
need for a treatment solution that can manage high volumes of water with limited cost. 
The potential of constructed wetlands for wastewater treatment initially was 
investigated in Germany in the early 1950s (Vymazal, 2011).  Since then, constructed 
wetlands have been used to treat wastewater from many sources, including 
municipalities, industry (petrochemical, chemical, pulp and paper, textile, tannery, food 
processing, distillery and winery, mining, and laundry), agriculture (dairy, fish farms, pig 
farms), and landfills, as well as urban storm water, highway runoff, and greenhouse and 
nursery runoff (Hammer, 1992; Vymazal et al., 2006; Vymazal, 2011). 
Constructed wetlands typically are used as secondary and tertiary treatment 
systems and can be optimized to remove specific contaminants such as heavy metals, 
excess nutrients (nitrogen and phosphorus), biochemical oxygen demand (BOD), 
suspended solids, pharmaceuticals, and endocrine disruptors (Vymazal, 2011).  In the 
ornamental plant production setting, contaminants of concern are mainly agrichemicals. 
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Constructed wetland design.  Several types of constructed wetlands are used to 
treat wastewater.  They can be distinguished based on the presence or absence of 
visible water and the direction of water flow (Vymazal, 2011).  Surface flow constructed 
wetlands are designed so that water flows above a substrate (Figure 1-4).  When water 
flows below the substrate surface of a wetland, it is known as a subsurface-flow 
constructed wetland.  Subsurface-flow constructed wetlands can have either horizontal 
or vertical water-flow through the system (Rousseau et al., 2008).  In the case of 
horizontal water flow, wastewater is fed into the system below the surface of the 
substrate and flows in a horizontal path, through a porous medium until it reaches the 
outlet.  Gravity is used in vertical water-flow systems, where water is fed into the 
system above the substrate, flows vertically down through the substrate, and exits 














The methods of remediation and their efficiencies differ for surface and 
subsurface flow constructed wetlands.  Vymazal (2011) describes the mode of action of 
surface flow constructed wetlands “as water flows through the wetland it is treated by 
physical (sedimentation, filtration, UV exposure), chemical (precipitation, adsorption, 
volatilization), and biological (microbial degradation, microbial nutrient transformations, 
uptake from water column and root zone, microbial competition, and bacterial die-off) 
processes.”  These processes are effective at removing organic compounds through 
microbial degradation and removal of suspended solids through filtration and 
sedimentation.  Removal of nitrogen is variable and highly dependent on many factors 
including inflow concentration, chemical form of nitrogen, water temperature, season, 
organic carbon availability, and dissolved oxygen concentration (Taylor et al., 2006; 
Vymazal, 2011).  Phosphorus removal occurs through adsorption and precipitation in 
surface flow constructed wetlands but is limited by minimal contact between the water 
column and the soil (Vymazal, 2011).  In a study of a surface flow constructed wetland 
treating nursery runoff, Taylor et al. (2006) found that the system failed to consistently 
lower orthophosphate levels in runoff, but they did observe positive remediation of 
phosphorus during periods of rapid plant growth or during late season growth flushes.   
In typical subsurface flow constructed wetlands, water flows slowly through a 
porous medium under the surface of the bed (usually 0.6-0.8 m deep) planted with 
emergent vegetation (Vymazal et al., 2006).  As the water progresses, it comes into 
contact with a network of aerobic, anoxic, and anaerobic zones.  The roots and rhizomes 
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of aquatic plants provide a sufficient amount of oxygen to support aerobic degradation 
of oxygen-consuming substances and for nitrification of ammonium.  The combination 
of aerobic and anaerobic zones make subsurface flow constructed wetlands very 
effective for removal of organic compounds, suspended solids, microbes, and heavy 
metals (Vymazal, 2011).  Horizontal, subsurface flow constructed wetlands provide 
conditions suited to denitrification, but the ability of the system to nitrify ammonia is 
very limited (Hammer, 1992).  Vertical, subsurface flow constructed wetlands remove 
ammonia-N successfully but do not maintain the anoxic conditions needed for 
denitrification (Vymazal, 2007).  The major phosphorus removal processes that occur in 
constructed wetlands are sorption, precipitation, plant uptake (with subsequent 
harvest), and peat or soil accretion.  However, sorption, precipitation, and plant uptake 
only have limited capacities, and soil accretion occurs only in surface flow constructed 
wetlands (Vymazal, 2007; White et al., 2011).  Removal of phosphorus in all types of 
constructed wetlands is low unless special substrates with high sorption capacity are 
used and replaced every few years (Vymazal, 2011; Vymazal, 2007; White et al., 2011). 
 The remediation capacity of constructed wetland systems also may be 
influenced by the plant species selection.  In a study conducted by Qiu et al. (2011), 
plant growth and nutrient removal in both monoculture and mixed wetland microcosms 
using five wetland plant species were investigated.  The nutrient removal capacity of 
each wetland plant species varied.  Significant differences in plant growth and nutrient 
removal were observed between wetlands with mixtures of plant species and those 
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with monocultures.  Mixed-plantings had significantly higher NO3-N removal rate than 
some of the monocultures and high removal rates for BOD, total phosphorus, and 
soluble reactive phosphorus (Qiu et al., 2011).  Qui et al. (2011) hypothesized that 
community ecology may explain the difference in remediation performance by wetland 
systems with a mixture of plants when compared with wetlands with monocultures.  
Wetlands with mixtures of plants are more effective in the distribution of root biomass, 
less susceptible to seasonal variations and disturbances, and have more diverse 
microbial populations than wetlands with monocultures (Qiu et al., 2011). 
Constructed wetlands have been recognized as a reliable wastewater treatment 
technology and, at present, they represent an ecologically based, low maintenance 
solution for treatment of many types of wastewater—including nursery and greenhouse 
effluent.  Developing a strategy to mitigate plant pathogens in runoff water is essential 
to improve the utility of these water remediation systems for the green industry.  The 
removal of propagules of plant pathogens, especially those of species of Phytophthora, 
is critical for nurseries to safely recycle their irrigation water without additional chemical 
inputs. 
Research Objective 
The objective of this research was to assess the potential susceptibility of plants 
typically used in constructed wetlands in the southeastern U.S. to infection by species of 
Phytophthora commonly found at ornamental plant nurseries.  To accomplish this 
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objective, I conducted two separate research projects.  The first project involved 
developing a technique for continuous exposure of the roots of wetland plant species to 
zoospores. This technique was used to evaluate the potential susceptibility of four 
wetland plants to five species of Phytophthora.  The second project involved evaluating 
wetland plants currently in constructed wetlands at a nursery in Georgia for infestation 
by species of Phytophthora.  Plants were collected from vegetated buffers channeling 
irrigation runoff into ponds and from two working constructed wetlands treating runoff 
at the nursery. 
This research forms the foundation for developing an effective pathogen 
remediation system by identification of plant species with little or no susceptibility to 
infection by Phytophthora species.  Documenting plants suitable for planting in 
constructed wetlands at ornamental plant nurseries to limit spread of propagules of 
species of Phytophthora and to remove agrichemicals from runoff will benefit the 
ornamental horticulture industry in the southeastern U.S. 
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IN SITU PRODUCTION OF ZOOSPORES BY FIVE SPECIES OF PHYTOPHTHORA IN AQUEOUS 
ENVIRONMENTS FOR USE AS INOCULA 
Abstract 
 Constructed wetland systems and vegetated buffers are ecologically-based 
options for remediating irrigation runoff in ornamental plant nurseries by removing 
fertilizers and pesticides.  One limitation to the use of these vegetation-based 
remediation tools as routine management strategies in nurseries is the potential for the 
plants used in these practices to serve as sources of inoculum for plant pathogens—
particularly species of Phytophthora.  The goal of this study was to develop a procedure 
to produce and release zoospores of Phytophthora spp. in aqueous solutions over time, 
so aquatic plants used in constructed wetlands could be continuously exposed to 
inocula and evaluated for potential susceptibility.  The procedure was developed by 
adapting a commonly used procedure to induce sporangium formation and zoospore 
release in the laboratory.  V8 Juice agar plugs from actively growing cultures of three or 
four isolates of each of five species of Phytophthora commonly found in nurseries in the 
southeastern U.S. (P. cinnamomi, P. citrophthora, P. cryptogea, P. nicotianae, and P. 
palmivora) were placed in plastic cups in the laboratory and covered with 1.5% non-
sterile soil extract solution (SES) for 29 days, and zoospore presence in the solution was 
monitored at 2- or 3-day intervals with a baiting bioassay that used rhododendron leaf 
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disks as baits.  Agar plugs of each species of Phytophthora then were placed in plastic 
pots and covered with either SES or Milli-Q water in a greenhouse for 13 days during 
both summer and winter months, and zoospore presence in the solutions was 
monitored at 3-day intervals with the baiting bioassay and by filtration.  Zoospores were 
present in solutions throughout the 29-day and 13-day experimental periods, but 
zoospore release by some species was more consistent than that by others.  In the 
laboratory experiment, colonization of leaf baits (an indicator of zoospore presence) 
decreased over time for some species, and often varied significantly among isolates 
within a species.  In the greenhouse experiment, bait colonization decreased over time 
in both summer and winter, varied among species of Phytophthora in the winter, and 
was better in Milli-Q water.  Zoospore densities were greater in the summer than in the 
winter and prolonged temperatures below 13°C and above 30°C in the greenhouse 
decreased zoospore activity for some species of Phytophthora.  This procedure can be 
used to provide in situ inocula for the five species of Phytophthora used in this study, so 
evaluating wetland plant species and other hydroponically grown plants can be 
evaluated for potential susceptibility. Zoospores from one batch of agar plugs were 
released consistently in aqueous solutions for at least 14 days, so agar plugs can be 




Species of Phytophthora cause some of the most frequently occurring and 
economically important diseases of ornamental crops throughout the world, and 
Phytophthora root and crown rots and foliage blights cause extensive losses during 
production in nurseries, particularly to woody landscape plants (Benson and von 
Broembsen, 2001; Erwin and Ribeiro, 1996; Parke and Grunwald, 2012).  Furthermore, 
exotic species of Phytophthora are a threat to natural ecosystems and already have had 
a devastating impact on the eucalyptus forests of Australia (caused by P. cinnamomi) 
and the coastal forests in California and southwestern Oregon (caused by P. ramorum) 
(Rizzo et al., 2002; Schwingle et al., 2007; Weste and Marks, 1987).  In North America, 
the danger P. ramorum poses to red oak forests in the eastern U.S. is of paramount 
concern (Moltzan et al., 2012; Schwingle et al., 2007), as P. ramorum can survive 
temperatures ranging from 2 to 26°C (Grunwald et al., 2008) and has been found on 
plants in nurseries and natural ecosystems from British Columbia to southern California 
(Parke and Grunwald, 2012).  Complicating quarantine and management efforts for P. 
ramorum and other species of Phytophthora are the presence of several sources of 
inoculum in nurseries—including many different host plant species, infested soil, 
container media, and irrigation and runoff water—that can facilitate pathogen 
movement and dispersal (Benson and von Broembsen, 2001; Erwin and Ribeiro, 1996; 
Ferguson and Jeffers, 1999; Parke and Grunwald, 2012; Schwingle et al., 2007).  
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 Vegetated buffers and constructed wetlands are ecologically-based treatment 
options that effectively remove both nutrient and chemical contaminants from runoff 
water at ornamental plant nurseries (Taylor et al., 2006; Vymazal, 2011).  However, 
methods of water treatment that utilize aquatic plants could become sources of 
inoculum if the plant material used in these systems serves as an alternative host for 
species of Phytophthora.  Thus, when installing vegetated buffers or constructed 
wetlands at a nursery, it is important to utilize plant species that are not susceptible to 
and do not harbor Phytophthora spp., but limited information is available on the 
susceptibility of wetland plants to these ubiquitous plant pathogens. 
A multitude of literature pertaining to pathogenicity and plant susceptibility to 
species of Phytophthora has been published (e.g. see references summarized in Erwin 
and Ribeiro, 1996), with most studies employing long-standing methods of inoculation 
using laboratory-produced propagules (e.g., zoospores, oospores, chlamydospores) or 
some type of colonized substrate like agar plugs, vermiculite (Roiger and Jeffers, 1991), 
or rice grains (Holmes and Benson, 1994).  These procedures have been developed 
primarily to evaluate susceptibility of plants growing in soil or a soilless medium and 
may not adequately characterize the potential for infection by zoospores in infested 
runoff at a nursery. 
Therefore, the objective of this study was to develop a procedure to produce 
inocula of Phytophthora spp. in situ that would be similar to the inocula found in 
nursery effluent, so wetland plants could be exposed to a continuous supply of 
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zoospores in an aqueous environment.  This procedure then could be used to evaluate 
potential susceptibility of wetland plants to species of Phytophthora under experimental 
conditions. The procedure should be effective for multiple species of Phytophthora 
under the different environmental conditions that occur throughout the year.  
Preliminary results have been reported (Ridge et al., 2012). 
Materials and Methods 
Phytophthora species.  Five species of Phytophthora commonly found in 
nurseries in the southeastern U.S. were selected for this study: P. cinnamomi, P. 
citrophthora, P. cryptogea, P. nicotianae, and P. palmivora (Benson and von Broembsen, 
2001; Bush et al., 2003; Olson and Benson, 2011; Jeffers, personal communication).  
Three isolates of each species (all from a permanent collection maintained in the S. N. 
Jeffers laboratory at Clemson University) were used for all experiments conducted.  All 
15 isolates were recovered from diseased ornamental plants in South Carolina that were 
submitted to the Clemson University Plant Problem Clinic between 1997 and 2010 
(Table 2-1).  A fourth isolate of P. citrophthora also was used; this isolate was collected 
from the roots of a wetland plant, Sagittaria latifolia, growing in a vegetated runoff 
channel at a nursery in Georgia (Table 2-1).  Active cultures of all isolates were 
maintained on PARPH-V8, a medium selective for species of Phytophthora (Ferguson 
and Jeffers, 1999). 
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PARPH-V8 contained per liter (Ferguson and Jeffers, 1999): 950 ml of distilled water, 50 
ml of buffered and clarified V8 Juice (Campbell Soup Company, Camden, NJ), 15 g of 
Bacto agar (Becton, Dickinson and Company, Sparks, MD), 5 mg of pimaricin as Delvocid 
Instant (Gist-Brocades BSD B.V., Delft, The Netherlands), 250 mg of ampicillin sodium 
salt (IBI Scientific, Peosta, IA), 10 mg of rifamycin-SV sodium salt (Sigma-Aldrich, St. 
Louis, MO), 50 mg of PCNB as Terraclor® (Chemtura USA Corp., Middlebury, CT), and 50 
mg of hymexazol as Tachigaren (Sankyo Co. Ltd., Tokyo, Japan).  Each amendment was 
dissolved or suspended in 5 ml of sterile distilled water and then added individually to 
molten medium (50°C) after autoclaving.  The buffered and clarified V8 Juice was 
prepared by thoroughly mixing 1 g of CaCO3 with each 100 ml of V8 Juice, and then 
centrifuging this mixture at 7970 × g (7000 rpm) for 10 min.  The clarified supernatant 
was collected and frozen until used. 
Isolate characterization.  The identities of the 16 isolates used in this study were 
verified and confirmed using selected morphological characters (oospore production in 
single-isolate culture and sporangium morphology) and molecular diagnostics 
(restriction fragment length polymorphism [RFLP] fingerprints and nuclear ribosomal 
internal transcribed spacer [ITS] sequences) (Table 2-3). 
Morphological characters.  To produce oospores, isolates were grown in axenic 
culture on super clarified V8 Juice agar (scV8A; Jeffers and Aldwinckle, 1988) at 20°C in 
the dark for 6 weeks. scV8A contained per liter: 100 ml of clarified and buffered V8 
juice, 30 mg of beta-sitosterol (Sigma-Aldrich) dissolved in 10 ml of 95% ethanol by 
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warming over an open flame, 20 mg of L-tryptophan (Sigma-Aldrich), 100 mg of CaCl2-
2H2O (Sigma-Aldrich), 1 mg of thiamine HCl (Sigma-Aldrich), and 15 g of Bacto agar.  
Isolates that produced oospores were classified as homothallic and those that did not 
produce oospores were classified as heterothallic.  Antheridium attachment was 
evaluated if oospores were formed.   
To produce sporangia, isolates were grown on 10% V8 Juice agar (V8A: 100 ml of 
V8 juice, 1 g of CaCO3, 15 g of Bacto agar, and 900 ml of distilled water) for 3 to 5 days in 
the dark at 20°C.  Five plugs (5 mm in diameter) with actively growing hyphae were 
taken from the advancing margin of a colony, transferred to a 60-mm-diameter petri 
dish, and covered with 1.5% non-sterile soil extract solution (SES) (Jeffers and 
Aldwinckle, 1987).  Petri plates were placed under continuous fluorescent light at room 
temperature (22 to 25°C), and sporangium formation was examined after 12 to 24 h.  
The shape of sporangia, type of papillae, and type of sporangiophores were observed 
microscopically (40 to 200×).  Sporangia were classified as papillate if papillae appeared 
as a full hemisphere, semi-papillate if papillae were conspicuous but appeared as less 
than a full hemisphere, and non-papillate if papillae were not protruding (Erwin and 
Ribeiro, 1996).  Sporangiophores were observed and determined to be simple, 
branched, sympodial, or internally proliferating (Erwin and Ribeiro, 1996). 
Molecular diagnostics.  Four plugs (5 mm in diameter) of 10% clarified V8A 
(cV8A:  100 ml of buffered and clarified V8 Juice, 15 g of Bacto agar, and 900 ml of 
distilled water) from an isolate were placed in a 60-mm petri dish with 5 ml of 10% 
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clarified V8 broth (cV8B = cV8A without the agar).  The petri dishes were held in the 
dark at 20°C for 5 days to produce mats of mycelium.  The mycelium mats from each 
isolate were harvested by vacuum filtration and rinsed with distilled water.  The 
mycelium was placed in individual 1.5-ml screw-cap microtubes and frozen at -20°C 
(Bowman et al., 2007). 
Total DNA was isolated using a modified protocol for the DNeasy Plant Mini Kit 
(Qiagen Inc., Valencia, CA).  Microtubes containing frozen mycelium mats were filled 
with approximately 1 ml of 0.5-mm-diameter glass beads (Biospec Products, Inc., 
Bartlesville, OK), and 400 µL of buffer AP1 was added.  The mats were pulverized for 90 
s using a Mini Beadbeater-8 (Biospec Products, Inc.).  Thereafter, DNA extraction was 
performed according to the manufacturer’s protocol. 
Polymerase chain reaction (PCR) was conducted using universal primers to 
amplify the (ITS) regions 1 and 2 and the 5.8s ribosomal subunit between the two 
regions.  The forward primer was ITS 6 (5’-GAAGGTGAAGTCGTAACAAGG-3’) and the 
reverse primer was ITS 4 (5’-TCCTCCGCTTATTGATATGC-3’) (Bowers et al., 2007; 
Bowman et al., 2007).  PCR was conducted in a total volume of 25.25 μl and contained 
17 μl of sterile distilled water, 2.5 μl of 10× PCR Rxn Buffer (without MgCl2) (Invitrogen, 
Carlsbad, CA), 2.5 μl of 1 mM dNTPs mixture, 1 μl of 50 mM MgCl2 (Invitrogen), 0.5 μl of 
25 μM of each primer, 0.25 μl (1.25 units) of Platinum® Taq polymerase (Invitrogen), 
and 1 μl of DNA template.  The PCR mixture was subjected to thermal cycling: 94°C for 3 
min followed by 35 cycles of 55°C for 30 s, 72°C for 1 min, and 94°C for 30 s.  A final 
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extension of 72°C for 10 min was used before cooling to 4°C.  Amplifications were 
conducted on a T1 Thermocycler (Biometra®, Göttingen, Germany). 
An RFLP fingerprint for each isolate was obtained using restriction enzymes Alu1 
and Msp1 (Cooke et al., 2000).  For both sets of restriction enzyme reactions, 10 μl of 
PCR product and 2 μl of enzyme mixture—containing 1.6 μl of sterile distilled water, 0.2 
μl of one restriction enzyme, and 0.2 μl of buffer supplied by the manufacturer 
(Promega Corp., Madison, WI)—were used.  Conditions for digestion were set at 37°C 
for 3 h and then at 65°C for 10 min to denature the enzyme.  Digested fragments were 
separated by electrophoresis in 2% agarose gels pre-stained with ethidium bromide.  
Band patterns for each isolate were visualized under UV light using an AlphaImager Gel 
Imaging System (Alpha Innotech Corp., San Leandro, CA).  RFLP band lengths were 
compared to those published by Cooke et al. (2000).  
PCR products from all isolates amplified by ITS 4 and ITS 6 were purified using a 
PureLink PCR Purification Kit (Invitrogen), following the manufacturer’s directions.  
Purified PCR product for each isolate was submitted to the Clemson University 
Genomics Institute (CUGI) for Sanger sequencing.  Separate sequences from the forward 
and reverse primers for each DNA sample were aligned and edited using the Staden 
Package for Windows, ver. 1.6.0.  The file with the concatenated sequences then was 
compared and matched with nucleotide sequences of isolates deposited in the 
Phytophthora Database at Pennsylvania State University (Park et al., 2008).  
Concatenated sequences from isolates used in this study were considered to match 
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sequences of isolates deposited in the databases when the identity was >98.9% and the 
overlap >580 base pairs. 
Zoospore production.  For all experiments, isolates initially were grown on cV8A 
to ensure culture purity and then on V8A at 25°C in the dark for 3 to 4 days to produce 
actively growing colonies for sporangium production.  A disinfested cork borer was used 
to cut agar plugs (5 mm in diameter) containing actively growing hyphae from the 
advancing edge of a colony.  V8A plugs were placed on the bottom of containers and 
covered with an aqueous solution to stimulate natural production of sporangia and 
subsequent release of zoospores. 
Laboratory experiment.  A laboratory experiment was conducted to determine 
the consistency and duration of zoospore release from colonized V8A plugs.  The 
experiment utilized a randomized complete block design with one replicate of each 
treatment in each of three blocks.  Treatments consisted of V8A plugs from an isolate of 
one of the five species of Phytophthora.  Nine agar plugs from one isolate were placed 
on the bottom of a 260-ml clear plastic cup; each cup was a replicate (i.e., three 
replicate cups per treatment).  This experiment was conducted twice as trials one and 
two.  
Each cup was filled with 150 ml of SES (Ferguson and Jeffers, 1999; Jeffers and 
Aldwinckle, 1987) and placed on one of three trays (blocks) in racks in the laboratory at 
ambient light (4.55 ± 1.0 µMol m-2·s-1) and temperature (19 to 28°C); cups were 
monitored for 28 days after the experiment was initiated, so each trial lasted 29 days.  
 
56 
On the second day of each trial, six leaf disks (5 mm in diameter) from Rhododendron 
catawbiense ‘English Roseum’ were floated on the surface of the SES in each cup.  In 
trial one, leaf disks were removed and replaced every 2 days; in trial two, leaf disks were 
removed and replaced every 3 days.  After removal, leaf disks were blotted dry and 
embedded in PARPH-V8 selective medium, and plates were held at 25°C in the dark for 
24 to 30 h.  Leaf disks were examined microscopically (30 to 70×), and the presence of 
zoospores in solutions was confirmed based on mycelium growth from colonized leaf 
disks.  Colonization was quantified using a rating scale (0 to 5) based on the percentage 
of the perimeter of each disk from which mycelium grew (Table 2-2).   
Greenhouse experiment.  Zoospore production in aqueous environments was 
evaluated in a greenhouse to determine the impact of environmental conditions at 
different times of the year (average air temperature during winter was 13.5°C and 
during summer was 24.7°C) because future experiments utilizing this procedure will be 
conducted in a greenhouse to evaluate aquatic plants for potential susceptibility to 
these species of Phytophthora.  In this experiment, the same five species of 
Phytophthora and two aqueous solutions were used. The experiment utilized a 
randomized complete block design with three replicate containers for each treatment 
(i.e., species by solution combination), with one replicate in each of three blocks.  The 
effect of season on zoospore production was investigated by conducting two trials in 
summer and two trials in winter months (i.e., four trials in all).  The two summer trials 
were conducted on 21 Aug to 03 Sep in 2011, with mean solution temperatures of 28.1 
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± 0.1°C during the day and 25.4 ± 0.1°C at night, and 06 to 18 Sep in 2012, with mean 
solution temperatures of 25.1 ± 0.1°C during the day and 22.3 ± 0.06°C at night; the two 
winter trials were conducted on 01 to 14 Dec and 08 to 22 Dec in 2011, with mean 
solution temperatures of 15.5 ± 0.2°C and 16.1 ± 0.2°C during the day and 10.8 ± 0.1°C 
and 10.7 ± 0.1°C at night, respectively.  The duration of each greenhouse trial was 13 
days based on results from the laboratory experiment.   
Zoospore production by the five species of Phytophthora was compared in two 
aqueous solutions: Milli-Q (EMD Millipore Corporation, Billerica, MA) water and SES.  
Each 15 liters of solution was amended with 0.30 g of 20-2-20 nitrate-special water 
soluble fertilizer (Southern Agricultural Insecticides, Inc., Hendersonville, NC).  Large 
batches of SES were made by mixing 225 g of soil in 15 liters of Milli-Q water for 1 h; the 
soil used for SES was tested before use to ensure it was free of Phytophthora spp.   
Fifteen 1.9-liter nursery containers (Amerikan Nursery Products, Inc., Sarasota, 
FL) were filled with each solution, and nine or 12 V8A plugs with active mycelium, all of 
one species, were placed in the bottom of a container: three plugs from each of three 
isolates of P. cinnamomi, P. cryptogea, P. nicotianae, and P. palmivora and from each of 
four isolates of P. citrophthora.  On the second day of each trial, all containers were 
assayed for zoospores by floating six rhododendron leaf disks on the surface of the 
aqueous solution.  After 3 days, leaf disks were removed, blotted dry, and embedded in 
PARPH-V8 medium, and isolation plates were held at 25°C in the dark for one day.  The 
presence of zoospores in each container was quantified using the 0 to 5 rating scale 
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described previously (Table 2-2).  After disks were removed, six fresh leaf disks were 
added to each container, and this process was continued over the 13-day exposure 
period.   
In addition to the baiting bioassay, zoospore densities in solutions were 
monitored directly by filtration in three of the four trials (Hwang et al., 2006): the 
second summer trial and both winter trials.  Two 25-ml aliquots of water from each pot 
were collected and filtered on days 4, 7, and 13 and each aliquot was passed through a 
47-mm-diameter membrane filter with 5-μm pores (Durapore SVLP04700, Millipore 
Corporation, Billerica, MA) under vacuum.  Filters were inverted on PARPH-V8 medium, 
and plates were held at 20°C in the dark.  Approximately 100 ml of aqueous solution 
was added to each container after aliquots were collected, to replace liquid removed for 
filtration and that lost to evaporation.  After two days, filters were removed, the agar 
surface was rinsed under running tap water, and colonies of Phytophthora spp. were 
counted.  Zoospore densities were quantified as the no. of colony-forming units 
(CFU)/25 ml). 
Statistical analyses.  All data were analyzed using analysis of variance (ANOVA) 
to determine if the main effects and interactions of isolate, species of Phytophthora, 
solution (Milli-Q water and SES), and exposure period (i.e., time = days after inocula 
were added) had significant effects on the percentages of leaf disk perimeters that were 
colonized.  ANOVAs were adjusted for random effects (blocks, disks) and repeated 
measures over time.  If interactions were found to be significant (P = 0.05), simple 
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effects of individual treatments were compared.  When significant differences occurred, 
treatment means were separated using Fisher’s least significant difference (LSD) with α 
= 0.05.  Data were analyzed using JMP v.9.0 software (SAS Institute, Cary, NC). 
Results 
In both the laboratory and greenhouse experiments, colonization of leaf disk 
baits floating on the surface of aqueous solutions served as a direct indication that 
zoospores had been released from sporangia produced on the agar plugs placed on the 
bottom of containers (i.e., plastic cups and nursery containers, respectively).  The agar 
plugs did not float and remained submerged throughout each trial, and it is known that 
sporangia are produced on V8A plugs placed in solutions like SES (Erwin and Ribeiro, 
1996; Ferguson and Jeffers, 1999; Jeffers and Aldwinckle, 1987).  In addition, the mean 
percentage of the perimeter of leaf disks colonized was used as an indirect measure of 
zoospore density and activity in a solution.  Therefore, quantitative comparisons among 
various treatments could be made.  Likewise, relative density and activity of zoospores 
over time could be evaluated.  In the greenhouse experiment, data on leaf disk 
colonization was corroborated with direct enumeration of zoospores in solution using a 
filtration assay. 
Isolate identification.  Morphological and molecular characteristics confirmed 
the identities of all 16 isolates used in this study (Tables 2-1 and 2-3).  None of the 
isolates produced oospores in single-strain culture on scV8A after incubation for 6 
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weeks at 20°C in the dark. Therefore, all isolates were classified as heterothallic, which is 
consistent with the species identification for each isolate. 
Laboratory experiment.  Each of the 16 isolates produced zoospores and these 
zoospores were able to infect and colonize leaf baits throughout the 29-day exposure 
period used in all trials (Figure 2-1).  There was a significant interaction between 
exposure period (= time) and species (Table 2-4), indicating that bait colonization was 
not consistent over time by the different species of Phytophthora.  Likewise, 
colonization varied significantly over the 29-day exposure period and among isolates 
within a species (Table 2-4).  These differences were evident when bait colonization by 
individual isolates was plotted over time (Figure 2-1).  Colonization of leaf baits was 
most variable among the isolates of P. citrophthora and P. nicotianae and did not differ 
significantly among the isolates of P. cinnamomi, P. cryptogea, and P. palmivora (Table 
2-4; Figure 2-1).  
During the 29-day exposure period, leaf disk colonization among the three or 
four isolates of each of the five species of Phytophthora varied.  Isolates of P. 
citrophthora, P. cryptogea, and P. nicotianae all exhibited increased variability in bait 
colonization over time, and this was most evident after 14 days.  Leaf disk colonization 
was much less variable over time among isolates of P. cinnamomi and P. palmivora; 
however, colonization of leaf baits by P. cinnamomi varied greatly over the 29-day 
experiment, ranging from 100% to 15% of the perimeter colonized (Figure 2-1).  The 
ability of the five species of Phytophthora to release zoospores and colonize leaf baits 
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varied somewhat over the entire exposure period, but this difference was not significant 
(P = 0.087, Table 2-4). 
Greenhouse experiment.  Based on results from the laboratory experiment, 
zoospore release from agar plugs was most consistent over the first 14 days, so an 
exposure period of 13 days was used in this experiment.  Leaf baits were infected by 
zoospores from all five species of Phytophthora throughout the 13-day exposure periods 
in trials conducted under both summer and winter conditions (Figure 2-3).  However, 
leaf bait colonization by P. nicotianae and P. palmivora decreased steadily throughout 
the exposure periods during trials conducted in the winter (Figure 2-2). 
When bait colonization data over time (Figure 2-2) were examined by ANOVA 
(Table 2-5), there were no interactions among the three main factors of species, 
exposure period (i.e., time), and solution type in either summer or winter trials. 
However, there were differences in bait colonization over time (P < 0.02) and between 
the two types of solution (P < 0.07) in both winter and summer trials for all species of 
Phytophthora combined, and there was a difference in bait colonization among 
Phytophthora spp. in the two trials conducted in the winter.  Time was a significant 
factor in this experiment with bait colonization decreasing over the 13-day exposure 
period in both summer and winter trials (Table 2-5).  Colonization of leaf disks for all 
species combined over time was consistently better in Milli-Q water than in SES (Figure 
2-2); this difference was significant at P values of 0.060 and 0.068 for summer and 
winter trials, respectively.  However, the difference between Milli-Q water and SES was 
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most dramatic for P. citrophthora in the winter when colonization of leaf baits floated 
on Milli-Q water was nearly 100% over the 13 days and colonization of baits in SES 
varied between 40% and 60% (Figure 2-2).  During winter trials, leaf bait colonization by 
P. nicotianae was significantly lower than that by P. cinnamomi and P. cryptogea and 
colonization by P. palmivora was significantly lower than that by P. cinnamomi, P. 
citrophthora, and P. cryptogea. 
In addition to colonization of leaf baits, zoospore activity in treatment solutions 
was verified by direct enumeration of colony-forming units in 25-ml aliquots using a 
filtration assay.  Zoospores of all five species were present throughout the 13-day 
exposure periods in trials conducted in both summer and winter although more 
zoospores usually were present in the summer (Figure 2-3).  When these data were 
analyzed (Table 2-6), only one of the eight interactions among the three main factors 
was significant (species × solution in summer, P < 0.001).  In the summer, zoospore 
densities were greater in Milli-Q water, decreased over time, and were highest by P. 
palmivora.  In the winter, zoospore densities were similar in both solutions, didn’t vary 
significantly over time, but did vary significantly among species.  P. citrophthora and P. 
cryptogea produced more zoospores under winter conditions in the greenhouse than 




In this study, colonization of rhododendron leaf disks floating on the surface of 
aqueous solutions was used as direct evidence that zoospores were present and active 
in aqueous solutions.  This only could happen if sporangia were produced from the 
mycelia in the agar plugs that had been placed in the bottom of the containers.  It is 
known that sporangia are produced on V8A plugs placed in solutions like water and SES 
(Erwin and Ribeiro, 1996; Ferguson and Jeffers, 1999; Jeffers and Aldwinckle, 1987).  
Likewise, the amount of the perimeter of the disks colonized was used as an indirect 
measure of zoospore density because zoospores are known to be both negatively 
geotropic and chemotactic—at least in laboratory studies (Erwin and Ribeiro, 1996).  
Therefore, once these propagules are released from sporangia in solution, they will rise 
to the surface and seek out susceptible host tissue—like the rhododendron leaf disks 
used as baits.  Therefore, a reduction in the percentage of the leaf disk perimeter 
colonized was attributed to decreased zoospore release from agar plugs, which resulted 
in a lower density of zoospores in solution. 
Bait colonization among isolates within a species of Phytophthora varied in the 
laboratory experiment, and this most likely was due to differences in zoospore density.  
However, decreased bait colonization also could have been affected by a difference in 
virulence among isolates.  Test isolates originated from a variety of host plants, and 
variation in virulence among isolates within a species of Phytophthora has been 
reported.  Jeffers and Meadows (2011) reported that 40 isolates of P. nicotianae from 
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annual vinca varied in virulence when different cultivars of this host were inoculated; a 
worldwide collection of isolates of P. capsici varied in virulence when inoculated on the 
fruits of tomato and various cucurbits (Granke et al., 2012); and P. ramorum isolates 
varied in virulence when coast live oak and California bay laurel were inoculated 
(Huberli and Garbelotto, 2012).  
Leaf disk colonization by P. cinnamomi varied considerably over the 29-day 
exposure period in the laboratory experiment, but bait colonization among isolates of 
this species at specific sample times were similar.  This uniform variation in zoospore 
activity among isolates may lie in the inherent biology of P. cinnamomi.  P. cinnamomi is 
known to be a poor producer of sporangia in aquatic laboratory environments (Erwin 
and Ribeiro, 1996).  It is possible that the three isolates of this species that I evaluated 
shared this trait and produced sporangia and zoospores intermittently but consistently.  
More importantly, it is of interest that P. cinnamomi produced zoospores consistently in 
all trials of the two experiments conducted in this study—despite its reputation to 
produce sporangia poorly. 
During the 29-day exposure periods in the laboratory experiment, all isolates in 
the five species of Phytophthora released zoospores that consistently found and 
infected rhododendron leaf baits.  However, after 14 days, a general decline in leaf bait 
colonization and increased variation among isolates within species were observed.  
Therefore, the exposure period in the greenhouse experiment was reduced to 13 days.  
The greenhouse experiment was conducted in both summer and winter months to 
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evaluate the effects of seasonal conditions on zoospore activity.  Both bait colonization 
for some species and zoospore densities of all species were lower in winter trials than in 
summer trials.  Temperatures in the greenhouse were lower in the winter than in the 
summer, and this resulted in lower solution temperatures, which may have affected 
production of sporangia and activity or virulence of zoospores.  In particular, bait 
colonization by P. nicotianae and P. palmivora declined through the 13-day exposure 
periods in the winter trials, and bait colonization in SES by P. citrophthora was relatively 
low throughout the winter trials.  Information on the biology of P. nicotianae and P. 
palmivora (Erwin and Ribeiro, 1996; Timmer et al., 2000) state that optimum growing 
temperatures for these two species range from 25 to 30°C, while the average 
temperature of container solutions during our winter trials was only 13°C. 
The gradual decline of P. cryptogea leaf disk colonization during the summer 
trials in the greenhouse also may be attributed to solution temperature.  Bait 
colonization for P. cryptogea during summer trial one was significantly different from 
summer trial two (data not presented).  The decline in ability to infect leaf baits only 
was observed during the first summer trial, when the average temperature of container 
solutions was 28°C during the day and 25°C at night, with extended periods of solution 
temperatures above 30°C.  Previously, MacDonald and Duniway (1978) reported that 
prolonged exposure to temperatures ≥30°C resulted in a consistent decline in the ability 
of sporangia of P. cryptogea to discharge zoospores.  The optimum temperature for 
growth for P. cryptogea ranges from 20 to 25°C, with the upper limits of zoospore 
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release being 33°C (Erwin and Ribeiro, 1996; MacDonald and Duniway, 1978).  
Consequently, excessive daytime solution temperatures during the first summer trial 
may have adversely affected zoospore release by P. cryptogea.  Mean daytime water 
temperatures during the second summer trial were 25°C during the day and 22°C at 
night, and no decline in leaf disk colonization by P. cryptogea was recorded during that 
trial. 
The type of treatment solution seemed to affect the number of zoospores 
present in these solutions with greater densities of zoospores present in Milli-Q water 
than in SES.  This was particularly true for P. palmivora during the summer trials; 
however, leaf bait colonization was not adversely affected.  This disparity directs one to 
ask, how much inoculum must be present to cause infection.  During the winter, 
infection of leaf baits was more variable than in summer and lower numbers of 
zoospores were present in both solutions; therefore, reduced zoospore availability may 
have contributed to this increased variability. 
It is unclear why both zoospore density and bait colonization were reduced in 
non-sterile soil extract solution compared with Milli-Q water.  Soil extract solution 
commonly is used to induce sporangium formation in the laboratory (Erwin and Ribeiro, 
1996; Ferguson and Jeffers, 1999; Jeffers and Aldwinckle, 1987), so I presumed it would 
work as well as or better than Milli-Q water in the greenhouse environment.  However, 
this was not the case.  One possible explanation could involve competition or 
interaction with the microbial population or a negative influence of salts or other ions in 
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the non-sterile soil extract solution.  Since Milli-Q is ultra-filtered water, there were no 
or very few microbes and few chemical contaminants present to affect sporangium 
formation and zoospore survival. 
This research was conducted to develop a method to inoculate wetland plants 
used in vegetative buffers and constructed wetlands, so these plants could be evaluated 
for potential susceptibility to species of Phytophthora present in runoff water at 
nurseries growing ornamental plants in the southeastern U.S.  Based on the results 
reported here, a routine inoculation procedure has been developed and will be used in 
future studies.  Plants should be exposed to zoospores of the five species of 
Phytophthora used in this study (P. cinnamomi, P. citrophthora, P. cryptogea, P. 
nicotianae, and P. palmivora), but other species easily could be added.  At least three 
isolates of each species and three V8A plugs from actively growing cultures of each 
isolate should be used because isolates were shown to vary in ability to colonize baits.  
Isolates of the same species can be pooled, but it would be interesting to determine if 
isolates of different species also could be combined to streamline the procedure.  Plugs 
should be placed on the bottom of a container and then the container should be filled 
with Milli-Q water; alternatively, 1.5% non-sterile soil extract solution could be used.  
One plant should be added to each container which should be placed in a greenhouse.  
Fresh agar plugs should be added to each container every 14 days throughout the test 
period to maintain adequate levels of inocula.  Each aquatic plant species should be 
tested at least during summer months when zoospores of all species were most 
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abundant, but it would be wise also to inoculate plants during winter months when 
temperatures are cooler and may be more favorable to some species of Phytophthora. 
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Table 2-1.  Sources of 16 isolates of five species of Phytophthora used in this studya 
 
a Isolates from South Carolina were recovered from samples submitted to the Clemson 
University Plant Problem Clinic.  Isolate S.lat 3.5 was isolated by G. A. Ridge.  All isolates 
are maintained in a permanent collection at Clemson University.  







County b Location 
P. cinnamomi 02-0912 Itea virginica ‘Little Henry’ Roots Pickens  Landscape 
 02-1054 Rosa banksiae Roots Lexington  Landscape 
 10-0053 Viburnum obovatum Roots Hampton  Landscape 
P. citrophthora 97-0673 Rosa hybrid 'Livin Easy' Roots Berkeley  Nursery 
 07-0248 Rosa hybrid ‘Home Run’ Roots York  Nursery 
 07-0303 Heuchera hybrid ‘City 
Lights’ 
Crown Aiken  Nursery 
 S.lat 3.5 Sagittaria latifolia Roots Grady, GA  Nursery 
P. cryptogea 03-0222 Dicentra hybrid ‘King of 
Hearts’ 
Roots York  Nursery 
 05-0491 Sedum spurium Stem York  Nursery 
 06-0989 Euphorbia amygdaloides Roots Aiken  Nursery 
P. nicotianae 05-0690 Hibiscus paramutabilis x 
syriacus ‘Lohengrin’ 
Stem Edgefield  Nursery 
 06-0496 Perovskia sp. Roots York  Nursery 
 07-1391 Rosa hybrid ‘The Fairy’ Roots Berkeley  Nursery 
P. palmivora 98-0092 Pinckneya pubens Roots Aiken  Nursery 
 98-0177 Juniperus sp. Roots Charleston  Landscape 
 02-0875 Nerium oleander Roots Georgetown  Landscape 
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Table 2-2. Rating scale used to quantify the amount of the perimeter of a rhododendron 
leaf disk colonized by Phytophthora spp. 
Value Perimeter colonized (%)a Midpoint value (%)b 
0 None 0 
1 1-25 12.5 
2 26-50 38.5 
3 51-75 63.5 
4 76-99 88.5 
5 100 100 
a Estimated amount of the perimeter on a leaf disk, 5 mm in diameter, from which 
hyphae of  Phytophthora spp. grew.  Leaf disks, which were used to bait Phytophthora 
spp. in aqueous solutions, were blotted dry and then embedded in PARPH-V8 selective 
medium; isolation plates were placed at 25°C in the dark for 24 to 30 h. Leaf disks were 
observed at 20 to 40×. 






























Overlap Identity (%) 































P. cinnamomi  793 / 795 99.74 














P. cinnamomi  795 / 796 99.87 



























P. citrophthora 636 / 636 100 











P. citrophthora 637 / 637 100 
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P. citrophthora 637 / 638 99.84 














P. cryptogea 583 / 584 99.82 












P. cryptogea 785 / 787 99.74 












P. cryptogea 825 / 827 99.75 







P. nicotianae 670 / 671 99.85 


















P. nicotianae 618 / 618 100 







P. palmivora 812 / 815 99.63 







P. palmivora 815 / 815 100 







P. palmivora 813 / 815 99.75 
x  Restriction fragment length polymorphism (RFLP) fingerprints for the internal transcribed spacer region (ITS) using two 
restriction enzymes. Values are sizes of fragments in numbers of base pairs. 
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y The DNA sequence for the internal transcribed spacer (ITS) region for each isolate was compared to sequences in the 
Phytophthora database at Pennsylvania State University, and the isolate that was a closest match is reported. Similarity is the 
number and percentage of base pairs in the two sequences that matched. 
z Caducity is the tendency of sporangia to be deciduous and become detached from a sporangiophore.
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Table 2-4. Differences among isolates within each of five species of Phytophthora for ability to 
release zoospores and colonize rhododendron leaf disks over a 29-day exposure period (= time) 
in the laboratory experiment x  
 Perimeter colonized (%)y 
Species Isolate 1 Isolate 2 Isolate 3 Isolate 4 
P. cinnamomi 58 d e 55 d e 66 c d e  
P. citrophthora 85 a b c 49 e 61 c d e 97 a 
P. cryptogea 72 b c d e 83 a b c 76 a b c d  
P. nicotianae 97 a 90 a b 57 d e  
P. palmivora 99 a 99 a 99 a  
     
2-way ANOVAz df F value P > F  
Main effects 
   Species 4 13.75 0.087 
Isolates within a species 11 5.24 0.047 
Time 17 7.90 <0.001 
Trial 1 0.67 0.450 
Error A 15   
Two-way interactions 
   
Species × Time 68 2.04 0.005 
Isolates within a species × Time 187 0.62 0.986 
Error B 11   
x Three or four isolates were used for each species(numbered 1 through 4). Agar plugs were 
placed in 260-ml plastic cups and covered with 150 ml of non-sterile soil extract solution (see 
Figure 2-1).   
y Mean percentage of the perimeter of leaf baits colonized by an isolate of Phytophthora sp. for 
all sample times combined.  Means of all 16 isolates were compared, and those with a letter in 
common are not significantly different based on Fisher’s protected least significant difference 
(LSD) with an LSD value of 24 (P = 0.05).  
z Results for two trials were combined, with three replicates of each treatment per trial. Data 
were analyzed by two-way analysis of variance (ANOVA), and analyses were adjusted for 






Table 2-5. Differences among five species of Phytophthora in ability to release zoospores and 
colonize rhododendron leaf baits over a 13-day period (= time) in the greenhouse experiment, 
which was conducted in summer and winter months x 
x Three or four isolates were used for each species.  Agar plugs were placed in 1.9-liter plastic 
containers and covered with non-sterile soil extract solution or Milli-Q water (see Figure 2-2).   
y Mean percentage of the perimeter of leaf baits colonized by a species of Phytophthora.  Data 
for summer and winter were analyzed separately.  Means in each column with a letter in 
common are not significantly different based on Fisher’s protected least significant difference 
(LSD; P = 0.05); ns = not significantly different. 
z Results for two trials were combined, with three replicates of each treatment per trial. Data 
were analyzed by three-way analysis of variance (ANOVA), and analyses were adjusted for 
random effects and repeated measures over time. 
  
  Perimeter colonized (%)y 
Factor Level Summer Winter 
Species P. cinnamomi 95.5  92.6 a 
 P. cryptogea 76.8  92.5 a 
 P. citrophthora 90.6  76.1 a b 
 P. nicotianae 91.2  60.2 b c 
 P. palmivora 99.2  42.0 c 
 LSD ns 30.3 
      
Time (days) 4 100.0 a 88.1 a 
 7 94.0     a b 77.1 a b 
 10 89.7 b 57.9 b 
 13 79.0 c 67.6 b 
 LSD 10.2 19.2 
    
3-way ANOVAz P > F P > F 
Species 0.656 0.029 
Time 0.002 0.020 
Solution 0.060 0.068 
Species × Time 0.394 0.352 
Species × Solution 0.519 0.284 
Time × Solution 0.141 0.100 
Species × Time × Solution 0.950 0.100 
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Table 2-6. Differences among five species of Phytophthora in numbers of zoospores (measured 
as colony forming units) in 25 ml of treatment solution over a 13-day period in the greenhouse 
experiment, which was conducted in summer and winter months x 
x Three or four isolates were used for each species. Agar plugs were placed in 1.9-liter plastic 
containers and covered with non-sterile soil extract solution or Milli-Q water (see Figure 2-3).  
y Number of colony forming units present in a solution was determined by filtration.  Data for 
summer and winter were analyzed separately.  Means in each column with a letter in common 
are not significantly different based on Fisher’s protected least significant difference (LSD; P= 
0.05); md = missing datum because water samples were not collected at 7 days in the summer 
trials; ns = not significantly different 
z Results for two trials were combined, with three replicates of each treatment per trial. Data 
were analyzed by three-way analysis of variance (ANOVA), and analyses were adjusted for 
random effects and repeated measures over time. 
  Colony forming units y 
Factor Level Summer Winter 
Species P. cinnamomi 18.6 b 4.9 b 
 P. citrophthora 29.0 b 12.0 a 
 P. cryptogea 20.0 b 13.0 a 
 P. nicotianae 20.0 b 6.5 b 
 P. palmivora 64.1 a 2.4 b 
 LSD 12.4 4.1 
      
Time (days) 4 41.0 a 8.3  
 7 md  8.2  
 13 19.7 b 6.7  
 LSD 7.8 ns 
    
Solution    
 Milli-Q 45.6 a 8.3  
 Soil Extract Solution 15.1 b 7.2  
 LSD 7.8 ns 
    
3-way ANOVAz P > F P > F 
Species <0.001 0.007 
Time <0.001 0.963 
Solution <0.001 0.474 
Species × Time 0.113 0.694 
Species × Solution <0.001 0.140 
Time × Solution 0.112 0.837 
Species × Time × Solution 0.096 0.290  
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Figure 2-1. Colonization of leaf disk baits while exposed for 29 days to zoospores 
released from agar plugs of three or four individual isolates of five species of 
Phytophthora.  Data are means of six replicates from two trials.  Percentage of the 
perimeter of each leaf bait that was colonized was estimated every 2 (trial 1) or 3 (trial 
2) days.  Specific isolates are listed for each species and generic isolate numbers in 
parentheses are those listed in Table 2-4. 
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Figure 2-2. Colonization of the perimeter of leaf disk baits during exposure for 13 days 
to zoospores of each of five species of Phytophthora in a greenhouse. Agar plugs from 
three or four isolates of a species were combined and placed in a container containing 
1.5% non-sterile soil extract solution (SES) or Milli-Q water during summer and winter 




Figure 2-3. Numbers of zoospores produced by five species of Phytophthora and present 
in 25 ml of treatment solution during summer and winter months in the greenhouse 
experiment. Solutions were sampled twice in one summer trial (n = 3) and three times in 
two winter trials (n = 6) over a 13-day period.  Numbers were determined by filtration, 
and data are mean numbers of colony forming units ± standard errors. The y-axes for 




POTENTIAL SUSCEPTIBILITY OF FOUR WETLAND PLANT SPECIES TO FIVE SPECIES OF 
PHYTOPHTHORA FOUND IN RUNOFF WATER AT NURSERIES IN THE SOUTHEASTERN 
UNITED STATES 
Abstract 
Pesticides and fertilizers routinely are applied to crops grown in nurseries to 
protect plants and promote growth.  Vegetated buffers and constructed wetlands are 
biologically-based treatment options that effectively remove both nutrient and chemical 
contaminants.  The goal of this study was to assess the potential susceptibility of four 
wetland plant species used in constructed wetlands and vegetated buffers (Canna 
flaccida, Juncus effusus, Sagittaria latifolia, and Typha latifolia) to infection by five 
species of Phytophthora (P. cinnamomi, P. citrophthora, P. cryptogea, P. nicotianae, and 
P. palmivora) commonly found at ornamental plant nurseries in the southeastern United 
States.  Each plant species was grown in Milli-Q water amended with nutients and 
exposed to zoospores of each species of Phytophthora for 28 days in a greenhouse.  
Zoospore viability and activity in solution were monitored throughout each of the trials 
with a baiting bioassay and by filtration, and plant roots were evaluated as infested or 
infected at the end of each trial.  Zoospore inocula were present throughout the 28-day 
duration of each trial.  Roots of C. flaccida were infested by all five species of 
Phytophthora and were infected by P. cinnamomi, primarily, and P. palmivora.  
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Presumptive exudates from roots of C. flaccida may have had a negative effect on 
zoospore activity by all species of Phytophthora except P. cinnamomi.  Roots of J. effusus 
were infested and infected by all five species of Phytophthora, and P. cryptogea infected 
50% of inoculated plants.  Two of the plant species, S. latifolia and T. latifolia, exhibited 
very limited potential susceptibility to the five species of Phytophthora.  Roots on only a 
few plants of each species were infested and no plant was found to be infected. 
Utilization of S. latifolia or T. latifolia in vegetated buffers or constructed wetlands 
should not contribute to the inoculum load and may help to filter inocula of 
Phytophthora spp. in recycled or released nursery water.  Despite being susceptible to P. 
cinnamomi, C. flaccida also may have potential if root exudates can be shown to 
adversely impact zoospore activity in nursery waterways. 
Introduction 
Production of ornamental plants in greenhouses and nurseries has a high 
chemical input with near continuous use of fertilizers, pesticides, growth regulators, and 
other chemicals (Berghage et al., 1999).  Fertilizer inputs can reach several thousand 
kilograms per hectare per year (Nelson, 1991) and peak water use can exceed 180,000 
L/ha/day, which can generate up to 18,000 to 19,000 liters of wastewater/ha/day 
(Aldrich and Bartok, 1994).  Managing high volumes of irrigation runoff is one 
challenging aspect of ornamental plant production.  Runoff water from plant production 
frequently contains high concentrations of nitrates, phosphates, pesticides, and 
 
85 
pathogens (Bush et al., 2003; Ghimire et al., 2009; MacDonald et al., 1994; Werres et al., 
2007).  Nitrogen and phosphorus levels in excess of 0.4 mg/liter and 0.1 mg/liter, 
respectively, result in eutrophication and subsequent hypoxia in surface waters (Taylor 
et al., 2006; Yang et al., 2008), detrimentally impacting the health and biodiversity of 
natural ecosystems.  The serious environmental damage caused by nutrient 
contaminants originating both from point and non-point sources has prompted 
environmental activists to lobby for stricter water quality legislation across the United 
States, including new numeric nutrient criteria in Florida and a total daily maximum load 
(TMDL) consent order in the Chesapeake Bay watershed that limits nitrogen, 
phosphorus, and sediment loading (USEPA, 2010; USEPA, 2012).  As water quality 
criteria become more stringent, nursery and greenhouse operations will be under 
increasing pressure to limit and treat irrigation runoff before release offsite. 
Recycled irrigation runoff is an alternative source of irrigation water that often is 
a last resort for many ornamental plant producers due to several biotic and abiotic 
factors that can negatively impact plant health.  Despite these potential drawbacks, 
collection and reuse of irrigation water is a legitimate means to develop more 
sustainable plant production practices.  Many ornamental horticulture operations have 
implemented technologies to collect and reuse production effluent, conserving water 
and reducing nutrient and pesticide release into the environment. 
One major concern limiting the reuse of irrigation water is the potential for 
infection of crops with pathogen propagules carried in recycled water (Bush et al., 
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2003).  Water-borne plant pathogens are a perennial problem for all ornamental plant 
producers, including specialty crop producers.  Oomycete pathogens in the genus 
Phytophthora are destructive plant pathogens that cause widespread damage to 
ornamental plants in nurseries, greenhouse, and landscapes as well as native plants in 
natural ecosystems (O’Brien et al., 2009).  The ability of Phytophthora species to 
produce motile zoospores that can be disseminated in water poses a unique threat to 
plants requiring irrigation and ecosystems receiving runoff from nurseries and 
greenhouses.  Zoospores can be spread through any type of moving water—including 
rain, runoff, and stream water (Zhang et al., 2010).  Chemically based treatment 
methods such as chlorination, copper ionization, and ozonation have proved effective at 
managing disease incidence in some cases; however, chemical treatment systems are 
costly to implement and operate and, if mishandled, have the potential to harm both 
human and environmental health (Hong and Moorman, 2005).  Alternatively, it might be 
possible to utilize constructed wetlands and vegetated buffers to remove plant 
pathogens in addition to the documented application of these systems—remediating 
nutrients and agrichemicals from runoff water (Taylor et al., 2006; Vymazal, 2011).  
Vegetated buffers and constructed wetlands are ecologically-based treatment options 
that have been used effectively to treat wastewater from many sources, including 
municipalities, industry (petrochemical, chemical, pulp and paper, textile, tannery, food 
processing, distillery and winery, mining, and laundry), agriculture (dairy, fish farms, pig 
farms), and landfills, as well as urban storm water, highway runoff, and greenhouse and 
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nursery runoff (Hammer, 1992; Vymazal et al., 2006; Vymazal, 2011).  However, 
methods of water treatment that utilize aquatic plants could become sources of 
inoculum if the plant material used in these systems serves as an alternative host for 
species of Phytophthora.  Thus, when installing vegetated buffers or constructed 
wetlands at a nursery, it is important to utilize plant species that are not susceptible to 
and do not harbor Phytophthora spp., but limited information is available on the 
susceptibility of wetland plants to these ubiquitous plant pathogens. 
The objective of this research was to assess the potential susceptibility of four 
wetland plant species commonly used in constructed wetlands and vegetated buffers to 
infection by five species of Phytophthora typically found at ornamental plant nurseries 
in the southeastern United States.  By identifying wetland plant species that are not 
susceptible to species of Phytophthora, we can evaluate the ability of these plants in 
constructed wetlands or vegetated buffers to reduce inocula naturally present in runoff 
and effluent at ornamental plant nurseries.  A preliminary report has been published 
(Ridge et al., 2012) 
Materials and Methods 
Pathogen species.  Five species of Phytophthora commonly found in irrigation 
water in nurseries in the southeastern U.S. were used in this study (Benson and von 
Broembsen, 2001; Olson and Benson, 2011; Jeffers, personal observation): P. 
cinnamomi, P citrophthora, P. cryptogea, P. nicotianae, and P. palmivora.  Three isolates 
of each species, all part of a permanent collection in the laboratory of S. N. Jeffers at 
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Clemson University, were selected as inoculum for all experiments.  Thirteen isolates 
were recovered from diseased ornamental plants in South Carolina, and two isolates 
were recovered from roots of wetland plants growing in a vegetated runoff channel in a 
nursery in Georgia—one isolate of P. citrophthora from Sagittaria latifolia and one 
isolate of P. cryptogea from Hydrocotyle ranunculoides. 
Isolates were maintained on PARPH-V8 selective medium (Ferguson and Jeffers, 
1999) at 20°C in the dark.  One liter of PARPH-V8 contained: 950 ml of distilled water, 50 
ml of buffered and clarified V8 Juice (Campbell Soup Company, Camden, NJ), 15 g of 
Bacto Agar (Becton, Dickinson and Company, Sparks, MD), 5 mg of pimaricin as Delvocid 
Instant (Gist-Brocades BSD B.V., Delft, The Netherlands), 250 mg of ampicillin sodium 
salt (IBI Scientific, Peosta, IA), 10 mg of rifamycin-SV sodium salt (Sigma-Aldrich, St. 
Louis, MO), 50 mg of PCNB as Terraclor (Chemtura USA Corp., Middlebury, CT), 50 mg of 
hymexazol as Tachigaren (Sankyo Co. Ltd., Tokyo, Japan); antimicrobial amendments 
were added after autoclaving and cooling molten agar to 50°C (Ferguson and Jeffers, 
1999).  Buffered and clarified V8 Juice was prepared by thoroughly mixing 1 g of CaCO3 
with each 100 ml of V8 Juice, and then centrifuging this mixture at 7970 × g (7000 rpm) 
for 10 min; the clarified supernatant was collected and frozen until used.  Isolates were 
grown at 25°C in the dark on 10% clarified V8 Juice agar (cV8A) to ensure culture purity 
and then on 10% non-clarified V8 Juice agar (V8A)—the medium from which agar plugs 
that were taken to produce inocula (see below).  One liter of cV8A contained 900 ml of 
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distilled water, 100 ml of buffered and clarified V8 Juice, and 15 g of Bacto Agar; 1 liter 
of V8A contained 100 ml of V8 Juice, 1 g of CaCO3, and 900 ml of distilled water. 
Wetland plant species.  Four wetland plant species were evaluated for potential 
susceptibility to zoospores of Phytophthora spp.: Canna flaccida, Juncus effusus, 
Sagittaria latifolia, and Typha latifolia.  Plants were received either as rooted cuttings or 
bare-root seedlings (Charleston Aquatic Nurseries, Johns Island, SC).  Upon arrival, 
plants were submerged in insecticidal soap (Woodstream Corp., Lititz, PA) for 10 min 
and then thoroughly rinsed with water.  Plant roots were dipped in a 10% bleach 
solution for 1 to 2 min to eliminate potential pathogen contamination.  Plants were 
rinsed with water, blotted dry, and weighed.  Shoot height and root length also were 
measured before plants were placed in 1.9-L plastic containers containing an aqueous 
solution. 
Plant susceptibility.  All trials were conducted in a greenhouse.  Each plant 
species was exposed individually to zoospores of each of the species of Phytophthora in 
a single trial that lasted 28 days, and at least two trials were conducted with each plant 
except T. latifolia: two trials with C. flaccida were conducted in Jun and Aug 2012; three 
trials with J. effusus were conducted in Feb, Mar, and Jun 2012; two trials with S. 
latifolia were conducted in Apr and Sep 2012; and only one trial with T. latifolia was 
conducted, in Apr 2012, due to limited plant availability.  For each trial, 41 1.9-L plastic 
containers were filled with an aqueous solution comprised of Milli-Q (EMD Millipore 
Corporation, Billerica, MA) water amended with 20 ppm of fertilizer solution, prepared 
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from 20-2-20 nitrate-special water soluble fertilizer (Southern Agricultural Insecticides, 
Inc., Hendersonville, NC).  Plants were established in containers and acclimated to 
greenhouse conditions for 4 to 7 days before trials were initiated.  During this time 
plants were monitored with a baiting bioassay (see below) to determine if they were 
healthy and free from naturally-occurring inoculum of Phytophthora spp. 
Each trial was set up in a complete randomized block design, with six replicate 
containers per treatment—two in each of three blocks.  For each plant species, six 
treatments were used: five species of Phytophthora and a non-inoculated control.  One 
additional container was used for each species of Phytophthora that had inoculum but 
no plant to verify that zoospores were being produced; these five containers were 
assigned randomly to the three blocks.  Three plugs from each of the three isolates of a 
species of Phytophthora (nine plugs total for each species) were placed in the bottom of 
a container.  Additional agar plugs were added to each treatment at 14 days to maintain 
the amount of inoculum in solution throughout the 28-day trial period (Chapter 2).  
Trials with S. latifolia had a reduced number of replicates because some of the plants 
died after roots were disinfested, perhaps because plants were very young and the 
succulent roots were overly sensitive to the bleach solution. 
Pathogen monitoring.  One day after addition of agar plugs, monitoring of all 
containers for zoospore activity was initiated using a baiting bioassay (Chapter 2).  Each 
container was baited by floating six leaf disks (5 mm in diameter) from Rhododendron 
catawbiense ‘Album’ on the surface of the aqueous solution.  After 3 days, leaf disks 
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were removed, blotted dry, and embedded in PARPH-V8 selective medium; isolation 
plates were held at 25°C in the dark for one day.  The perimeters of leaf disks on each 
plate were examined microscopically (30 to 70×) for hyphae of Phytophthora spp., and 
activity of zoospores was quantified using a rating scale of 0 to 5 based on the 
percentage of the perimeter of each disk that was visibly colonized (Table 3-1).  After 
disks were removed from containers, six fresh leaf disks were added, and this process 
was continued throughout each of the 28-day trials. 
In addition, zoospore densities in aqueous solutions were determined on days 7, 
13, 19, and 25 of each trial by filtration.  Two 25-ml aliquots of solution were collected 
from each container, and aliquots were filtered through 47-mm-diameter membrane 
filters with 5-µm pores (Durapore SVLP04700; Millipore Corporation, Billerica, MA).  
Each filter was inverted on PARPH-V8 medium, and plates were held at 20°C in the dark 
and monitored for colony growth for 2 to 3 days.  Approximately 100 ml of Milli-Q water 
was added to each container after aliquots were collected for filtration to replace liquid 
removed for testing and that lost to evaporation. 
Harvesting plants and isolating from roots.  Twenty-eight to 35 days after initial 
exposure, plants were removed from pots, and the lengths and weights of roots and 
shoots were measured and recorded.  Roots were placed in sealable plastic bags and 
stored at 15°C until isolations could be conducted. 
Roots from each plant were rinsed thoroughly under running tap water, blotted 
dry with paper towels, and then split into two approximately equal portions—one 
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portion for isolation after only washing and the other portion for isolation after surface 
disinfestation.  Washed roots were examined to identify potential symptoms—i.e., areas 
with discoloration—and these roots were targeted for isolation.  If no symptoms were 
observed, roots for isolation were selected arbitrarily from throughout the washed 
portion of the root mass.  Roots were cut into pieces (1 to 2 cm in length), and 
approximately 10 root pieces were embedded into a plate of PARPH-V8 selective 
medium; plates were held at 20°C in dark. 
Roots in the second portion were dipped in 500 ml of 10% bleach solution 
amended with two drops of Tween 80 (Sigma Aldrich, St. Louis, MO) for 30 s and then 
rinsed under running tap water.  Root pieces from surface-disinfested roots were 
collected and isolation from these pieces was conducted in a manner similar to that 
used for washed roots.  Isolation plates were monitored for 3 to 7 days until colonies of 
Phytophthora spp. developed.  If colonies developed from washed root pieces, the roots 
were designated as infested; if colonies developed from surface-disinfested root pieces, 
the roots were designated as infected. 
Analysis of the solution from C. flaccida plants.  The aqueous solution was 
collected from containers in which C. flaccida plants were grown to begin preliminary 
identification of the compound(s) exuded from roots of C. flaccida that may have 
inhibited zoospore activity during these trials.  The solution from each container 
immediately was centrifuged at 3400 rpm for 10 min and filtered through Whatman 597 
filters (GE Healthcare Limited, Buckinghamshire, UK), Whatman GF/D filters, and 
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Whatman GF/F glass microfiber filters to remove algae and particulates.  An aliquot of 
500 ml was measured, acidified to pH 2.5, and stored in a glass bottle at 4°C until 
extraction. 
Strata X solid phase extraction (SPE) cartridges (Phenomenex, Inc., Torrance, CA) 
were pre-treated with 6 ml of hexane and then treated with 6 ml of ethanol and then 
with 6 ml of water.  Each 500 ml sample was run through a treated Strata X SPE 
cartridge.  The cartridge was dried for 5 min and then stored at -18°C until elutions were 
conducted.  Cartridges were removed from the freezer, dried on a vacuum manifold for 
1 h, and eluted with two different solvents.  The cartridge was first slowly eluted with 
1.5 ml of 100% acetonitrile into a 2.0 ml HPLC vial, to remove the most non-polar 
compounds from the Strata X SPE cartridge.  The column then was eluted with 1.5 ml of 
60% methylene chloride into a second HPLC vial to retrieve the most polar compounds.  
Non-polar and polar samples were dried with nitrogen gas and derivitized.  Elutants 
were examined using a 7890A GC System (Agilent Technologies, Santa Clara, CA) with a 
5975C inert mass spectrometer detector (Agilent Technologies, Santa Clara, CA) at the 
Clemson University Multi-User Analytic Laboratory. 
Statistical analyses.  Data on zoospore activity from multiple trials with each 
plant species were pooled for analysis if response variables (bait colonization and 
zoospore density) were not statistically different (α > 0.1) between/among trials.  All 
data were analyzed using analysis of variance (ANOVA) to determine if the main effects 
and interactions of species of Phytophthora and exposure period (i.e., time = days after 
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inocula were added) had significant effects on the percentages of leaf disk perimeters 
that were colonized or colony forming units.  If interactions were found to be significant 
(P = 0.05), simple effects of individual treatments were compared.  When significant 
differences occurred, treatment means were separated using Fisher’s least significant 
difference (LSD) with α = 0.05.  Chi-square analysis was conducted to evaluate root 
pieces of each wetland plant for Phytophthora infestation and infection.  Data were 
analyzed using JMP v.9.0 software (SAS Institute, Cary, NC). 
Results 
Monitoring pathogen inoculum with leaf baits.  The inoculum supply in each 
container for all trials was monitored by a baiting bioassay using rhododendron leaf 
disks (Table 3-2, Fig. 3-1) and by direct enumeration of zoospore densities using 
filtration (Table 3-3, Fig. 3-2) at fixed intervals throughout each trial.  Colonization of 
rhododendron leaf disks floating on the surface of aqueous solutions served as direct 
evidence that zoospores were present and active in aqueous solutions, and the mean 
percentage of the perimeter of leaf disks colonized was used as a measure of zoospore 
activity (Chapter 2).  To validate the percentage of the perimeter colonized as a measure 
of zoospore activity, the mean percentage of the perimeter of leaf disks colonized (Table 
3-2) was correlated with the overall proportion of leaf-disk baits that became colonized 
(data not presented) for each combination of a wetland plant inoculated with a species 
of Phytophthora, and this correlation was highly significant (r = 0.902).  In all trials, none 
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of the leaf baits in containers lacking inocula of Phytophthora spp. became infected—
i.e., no colonies of Phytophthora spp. developed when these leaf disks were placed on 
PARPH-V8 medium. 
Results from inoculating each wetland plant with the five species of 
Phytophthora were analyzed separately by 2-way ANOVA, and all trials with each plant 
species were pooled for analysis.  When data on colonization of leaf disks were analyzed 
(Table 3-2), the interaction between species of Phytophthora and time for each of the 
four wetland plants was not significant (except for the one trial with T. latifolia), so the 
main effects were examined.  Time had a significant effect on leaf disk colonization for 
all four plant species—indicating that colonization of baits and, therefore, zoospore 
activity varied over the 28-day trial period; for most of the species of Phytophthora 
around plants of J. effusus, S. latifolia, and T. latifolia, bait colonization decreased during 
the trial period (Fig. 3-1).  For all four wetland plants, colonization of leaf baits in 
containers without plants consistently was higher than colonization of baits in 
containers with plants throughout the trial period (Table 3-2), but these differences 
could not be analyzed statistically because only one replicate container without plants 
was used in each trial. 
On three of the plants (C. flaccida, S. latifolia, and T. latifolia), colonization of leaf 
disks by the five species of Phytophthora varied significantly (Table 3-2, Fig. 3-1).  Leaf 
disk baits from around C. flaccida plants inoculated with P. cinnamomi were the only 
ones that were consistently colonized; leaf baits around plants inoculated with the other 
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species of Phytophthora displayed low levels of colonization or were not colonized 
(Table 3-2, Fig. 3-1).  Because baits were consistently colonized by all five species of 
Phytophthora when plants were not present, it seemed reasonable to speculate that 
root exudates from C. flaccida plants may have been inhibiting zoospore activity by four 
of the five species of Phytophthora.  Zoospore activity by the five species of 
Phytophthora around plants of S. lalifolia differed significantly with zoospores of P. 
cryptogea most effective at colonizing leaf-disk baits (Table 3-2, Fig. 3-1).  Only one trial 
was conducted with T. latifolia plants because plants were not readily available when 
these experiments were being conducted.  Again, species of Phytophthora differed 
significantly in colonization of baits around these plants with P. cryptogea most effective 
at colonizing baits (Table 3-2, Fig. 3-1).  Zoospore activity around J. effusus plants was 
simiar for the five species of Phytophthora, with no significant difference in bait 
colonization among species (Table 3-2, Fig. 3-1).   
Phytophthora zoospore quantification.  Zoospore activity in the solutions 
around the roots of wetland plants was verified by direct enumeration of colony-
forming units in 25-ml aliquots using a filtration assay.  Zoospores of all five species of 
Phytophthora were present throughout the 28-day trials with each wetland plant (Table 
3-3, Fig. 3-2).  No statistically significant relationship was detected between zoospore 
densities and percentages of leaf disk perimeters colonized; however, zoospore 
densities in each trial support the results obtained for bait colonization.  Zoospores of 
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Phytophthora spp. were not detected at any time during this study around plants in 
containers that had not been inoculated. 
When zoospore density data were analyzed by 2-way ANOVA, interactions 
between species of Phytophthora and time were not significant except for trials with J. 
effusus plants; therefore main effects were examined (Table 3-3).  Zoospore densities 
varied over time in trials with J. effusus and T. latifolia, but zoospore densities did not 
vary significantly over time in trials with C. flaccida and S. latifolia.  However, densities 
of zoospores produced by the five species of Phytophthora around each of the wetland 
plants varied significantly (Table 3-3).  P. cryptogea had the greatest zoospore densitiies 
in solutions around plants of J. effusus, S. latifolia, and T. latifolia, but P. citrophthora 
and P. palmivora produced the most zoospores around plants of C. flaccida (Table 3-3).  
Zoospore densities during trials with J. effusus plants appeared to be somewhat higher 
than those during trials with the other wetland plants (Table 3-3, Fig. 3-2).  In all cases 
except one (P. nicotianae on J. effusus), zoospore densities were higher in containers 
without plants than in containers with wetland plants (Table 3-3), but again these 
differences could not be evaluated statistically. 
Susceptibility assessment (Table 3-4).  For the four wetland plant species used in 
this study, there were no statistical differences (P > 0.05) in shoot and root weights 
between plants that were not inoculated and those that were inoculated with zoospores 
of each of the five species of Phytophthora—i.e., inocula did not adversely affect plant 
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growth and development during the 28-day trial periods.  Therefore, these data are not 
presented.  
At the end of each trial, plants were harvested and root pieces were placed on 
PARPH-V8 medium, which is selective for species of Phytophthora.  Half of the root 
system of each test plant was rinsed with water and the other half was surface-
disinfested in a 10% bleach solution to differentiate between infested roots (i.e., 
Phytophthora spp. present on root surfaces ) and infected roots (i.e., Phytophthora spp. 
present within root tissues), respectively.  In all trials with the four wetland plants, roots 
of plants that were not inoculated were never found to be infested or infected by a 
species of Phytophthora 
In two trials with C. flaccida plants, 12% of root pieces and 48% of the plants 
were infested and 5% of root pieces and 17% of the plants were infected by 
Phytophthora spp., and there were significant differences in numbers of plants and root 
pieces infested and infected by the five species of Phytophthora.  All five species of 
Phytophthora were found to infest roots of C. flaccida plants with P. cinnamomi 
infesting roots of 89% of inoculated plants.  However, only P. cinnamomi and P. 
palmivora infected roots, with infection by P. cinnamomi the greatest (67%).   
In three trials with J. effusus plants, 59% of the plants and 25% of root pieces 
were infested and 24% of the plants and 7% of root pieces were infected by 
Phytophthora spp.  J. effusus roots had the highest incidences of both infestation and 
infection out of the four wetland plants used in this study.  All five species of 
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Phytophthora caused both infestation and infection of J. effusus roots, and there were 
significant differences in numbers of plants and root pieces infested and infected by the 
five species. Four of the five species infested between 61 and 75% of the plants, and 
these same four species infected between 18 and 50% of the plants.  P. cryptogea 
infected the most plants (50%) and P. cinnamomi infected the fewest number of plants 
(6%).  
In two trials with S. latifolia plants, only 26 plants survived in the greenhouse 
because a number of plants were damaged by the pre-trial surface disinfestation 
treatment.  Very little infestation (three plants) and no infection were detected on the 
roots of these plants; two plants exposed to zoospores of P. cinnamomi and one plant 
exposed to zoospores of P. palmivora were infested.  There were no significant 
differences in numbers of plants or root pieces infested by the five species of 
Phytophthora, but there was a significant dfference in the numbers of root pieces 
infested when the five species of Phytophthora and the non-inoculated control 
treatment were compared. 
Only one trial was conducted with T. latifolia plants. Only a few plants were 
infested (18%) and no plants were infected by Phytophthora spp.  One plant (20%) was 
infested by P. cryptogea and four plants (67%) were infested by P. palmivora.  There 
were significant differences in the numbers of plants and root pieces infested by the five 
species of Phytophthora.  
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Compound identification.  Myristic acid was abundant in samples of solution 
from around C. flaccida plants and in samples of solution without plants.  No additional 
compounds were detected in the polar and non-polar eluents extracted from solutions 
around C. flaccida plants.  In the control containers without plants, (+)-6- amino 
penicillanic acid or ribonic acid gamma lactone was detected in the non-polar fraction, 
and 3-hydroxyphenylacetic acid and alpha ketoglutaric acid were present in the polar 
fraction. 
Discussion 
In this study, colonization of rhododendron leaf disks floating on the surface of 
aqueous solutions and the filtration of 25-ml aliquots of solution were used as direct 
evidence to show ample zoospore inocula were present and active in all solutions 
throughout each of the trial periods.  I could find no meaningful statistical relationship 
between amount of bait colonization and zoospore density—i.e., bait colonization was 
not dependent on zoospore density—but there was adequate inoculum throughout all 
trials to continuously colonize rhododendron leaf disk baits.  This level of inoculum was 
sufficient to infect at least some of the wetland plants evaluated.  The lack of a 
relationship between these two assays was not expected, but it appears that a relatively 
low density of zoospores, as determined by filtration, was sufficient to effectively 




Baiting assays have been used for years to detect Phytophthora spp. in water 
and soil (Erwin and Ribeiro, 1996; Hong and Moorman, 2005; Ferguson and Jeffers, 
1999).  Zoospores are negatively geotropic (Erwin and Ribeiro, 1996); thus, the highest 
densities of zoospores should be at the surface of the water where baits were floating 
and samples for filtration were collected.  Although aliquots collected for filtration only 
reflected results at a single moment in time, zoospore densities were fairly consistent 
over time even though densities varied significantly among sample times.  There was an 
increase in zoospore density around day 19 in many of the plant trials, and this probably 
is due to the addition of fresh agar plugs to each container that occurred on day 14 of 
each trial.  Excluding the days immediately following re-inoculation on day 14, no 
obvious increase in zoospore densities were recorded through time for any of the four 
wetland plants.  This suggests that the five species of Phytophthora used in this study 
did not reproduce on the roots of the wetland plants—at least during the 28-day trial 
periods. 
Another factor that might affect the amount of inoculum and zoospore activity in 
solution is temperature in the greenhouse.  During two trials with J. effusus in February, 
the mean solution temperature was 25°C during the day and 19°C during the night, and 
nine and ten plants were infected by species of Phytophthora.  The third trial with J. 
effusus was conducted during June and July, and the mean solution temperature was 
29°C during the day and 25°C during the night.  In this third trial, only one plant was 
infected.  These higher daytime temperatures are above the optimum temperature for 
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sporulation by P. cinnamomi, P. citrophthora, and P. cryptogea and could lead to a 
decrease in zoospore release by these species (Erwin and Ribeiro, 1996; MacDonald and 
Duniway, 1978).  Consequently, it is important to conduct future trials evaluating 
potential susceptibility of wetland plants during different seasons to account for the 
effect temperature has on the activity of certain species of Phytophthora—as 
recommended previously (Chapter 2). 
At the conclusion of each plant trial, isolations from pieces of water-rinsed and 
surface-disinfested roots were conducted to document root infestation and infection, 
respectively, by each species of Phytophthora.  Roots of C. flaccida and J. effusus 
frequently were infested by all five species of Phytophthora, and approximately one-half 
of inoculated plants of each species were contaminated with these pathogens.  
However, only P. cinnamomi and P. palmivora were able to infect C. flaccida plants 
whereas all five species of Phytophthora infected roots of J. effusus plants to some 
degree.  Further indication of the susceptibility of C. flaccida was the isolation of P. 
cinnamomi var. parvispora from plants in one shipment from the supplier during the 
pre-trial acclimation period in the greenhouse; infected plants were not included in the 
trial.  The susceptibility of C. flaccida to P. cinnamomi may have implications when 
utilizing plants of this species to establish vegetated channels and constructed wetlands 
because P. cinnamomi is one of the most common species found attacking woody 
ornamental plants in nurseries and landscapes in the southeastern United States 
(Benson and von Broembsen, 2001; Erwin and Ribeiro, 1996).  Additional research 
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should be conducted with C. flaccida to confirm its susceptibility to P. cinnamomi var. 
parvispora, which has not been reported previously. 
In contrast to C. flaccida and J. effusus, roots of S. latifolia and T. latifolia were 
affected to a much lesser degree by the five species of Phytophthora used in this study.  
Only a few plants of each species were infested by two of the five species of 
Phytophthora and none of the inoculated plants was found to be infected.  However, 
these two species of wetland plants had low numbers of plants (26 for S. latifolia and 28 
for T. latifolia) because many S. latifolia plants were damaged by the pre-trial 
disinfestation process and T. latifolia plants were not available for a second trial.  
Therefore, the lack of susceptibility of S. latifolia and T. latifolia needs further validation. 
During this study, a trend appeared that is worth noting for future investigation.  
Bait colonization and zoospore densities present in the containers without plants were 
almost always higher than those in containers with plants.  This suggests that the 
wetland plant species used in this study had a negative impact on the production or 
activity of zoospores present in solution.  This negative impact may be caused simply by 
the presence of roots in the water.  As zoospores interact with the root surface they 
might encyst, ceasing their mobility, and may not be capable of penetrating the root 
tissue.  By acting as a physical barrier, these plant roots may be reducing the density of 
motile zoospores in a solution, or roots may be blocking the path of zoospores to the 
surface where baits were floating and aliquots for filtration were taken. 
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In trials with C. flaccida, the leaf bait bioassay consistently detected only 
zoospores of P. cinnamomi while leaf baits in containers infested with the other 
Phytophthora spp. displayed little to no infection.  However, zoospores of all five species 
of Phytophthora were detected consistently by filtration, which suggests that C. flaccida 
plants may be adversely affecting zoospore activity by four of the five species of 
Phytophthora.  One possible explanation for this suppression of zoospore activity is that 
roots of C. flaccida plants produced root exudates that were released into the aqueous 
solution. However, I was unable to identify any potential compounds in the solutions 
around C. flaccida plants from trials conducted in this study 
Secondary metabolites produced and released by roots may have defended 
plant roots and the nearby leaf baits from infection by zoospores.  Czeczuga et al. (2005) 
reported similar findings involving the diversity of zoosporic fungi in water in the 
presence and absence of aquatic plants, with fewer species of fungi present in 
containers with plants of Potamogeton natans and Sparganium ramosum than in 
containers without these plants.  They also described inhibition of bacterium growth in 
the presence of another species of Potamogeton.  Likewise, Islam and Tahara (2001) 
reported that zoospore behavior and viability was regulated by some non-host plant 
secondary metabolites.  Compounds listed by Islam and Tahara (2001) as having 
repellent activity were (±)-medicarpin, bisphenol A, diethyl stilbestrol, 17α and 17β-
estradiol, and estrone.  Notoginsenoside K halted or inhibited zoospore motility/activity; 
while zoospore activity was inhibited by avenacin A1, which caused zoospore lysis.  
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Islam and Tahara (2001) also reported that extracts from Portulaca oleracea, a non-host 
plant to Aphanomyces cochlioides, completely immobilized zoospores of A. cochliodes, 
an oomycete plant pathogen similar to Phytophthora spp.  It is interesting that zoospore 
activity of P. cinnamomi was not affected whereas zoospore activity of the other four 
species of Phytophthora was affected adversely in solutions around C. flaccida plants.  
These data suggest that the efficacy of the C. flaccida root exudates, if produced, varied 
from one species of Phytophthora to another and that the active compounds were not 
toxic to zoospores.  If P. cinnamomi is a virulent pathogen of C. flaccida and C. flaccida 
does produce root exudates that inhibit activity of zoospores of Phytophthora spp., then 
P. cinnamomi may have developed mechanisms to avoid or detoxify these root 
exudates. Further research is needed to determine if C. flaccida plants produce root 
exudates that can adversely affect zoospore activity. 
Constructed wetlands and vegetated channels provide an environmentally-
sound method to remove chemical contaminants from runoff and recycled irrigation 
water at ornamental plant nurseries (Hammer, 1992; Taylor et al., 2006; Vymazal et al., 
2006).  However, little is known about the susceptibility to Phytophthora spp. of the 
wetland plants used in these constructed wetlands or vegetated buffer channels.  Under 
the experimental conditions used in this study, two of the four wetland plants, S. 
latifolia and T. latifolia, displayed limited or no susceptibility to five species of 
Phytophthora commonly found in nurseries in the southeastern United States (Benson 
and von Broembsen, 2001; Ferguson and Jeffers, 1999; Olson and Benson, 2011).  
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Therefore, these two species of wetland plants, and possibly C. flaccida, may be less 
likely to harbor and serve as inoculum reservoirs for Phytophthora spp. when used in 
constructed wetlands or vegetated channels. However, because low numbers of S. 
latifolia and T. latifolia plants were used in this study, additional research is needed to 
verify the lack of susceptibility of these two plant species.  Utilization of plants not 
susceptible to infection by Phytophthora spp. in vegetated buffers or constructed 
wetlands one day may help to filter inoculum from and limit introduction of inoculum 
into recycled or released nursery water.  However, before constructed wetlands can be 
established with non-susceptible plant species, more studies must be conducted.  
Additional research is needed on the susceptibility of other wetland plants to 
Phytophthora spp. and the potential pathogenicity of other species of Phytophthora 
present in nursery waterways. 
Acknowledgements 
USDA-ARS specific cooperative agreement no. 58-6618-2-0209 for 
“Environmental Resource Management Systems for Nurseries, Greenhouses, and 
Landscapes”, which was part of the USDA-ARS Floriculture and Nursery Research 
Initiative, provided funding to conduct this research.  I would like to thank L. A. Luszcz, J. 
Hwang, E. Nyberg, C. Ridge, N. Brinton, K. Van Kampen, D. Tyrpak, and R. Gossett for 




Aldrich, R. A. and Bartok, J. W. 1994. Greenhouse Engineering. 3rd rev. Northeast 
Regional Agriculture Engineering Service. Ithaca, NY. 
 
Benson, D. M., and von Broembsen, S. 2001. Phytophthora root rot and dieback. Pages 
52-56 in: Diseases of Woody Ornamentals and Trees in Nurseries. R. K. Jones and D. M. 
Benson (eds.). The American Phytopathological Society, St. Paul, MN. 
 
Berghage, R. D., MacNeal, E. P., Wheeler, E. F., and Zachritz, W. H. 1999. “Green”water 
treatment for the green industries: opportunities for biofiltration of greenhouse and 
nursery irrigation water and runoff with constructed wetlands. HortScience 34: 50-54. 
 
Bush, E. A., Hong, C. X., and Stromberg, E. L. 2003. Fluctuations of Phytophthora and 
Pythium spp. in components of a recycling irrigation system. Plant Disease 87:1500-
1506. 
 
Czeczuga, B., Godlewska, A., Kiziewicz, B., Muszynska, E., Mazalska, B. 2005. Effect of 
aquatic plants on the abundance of aquatic zoosporic fungus species. Polish Journal of 
Environmental Studies 14:149-158.  
 
Ferguson, A. J., and Jeffers, S. N. 1999. Detecting multiple species of Phytophthora in 
container mixes from ornamental crop nurseries. Plant Disease 83:1129-1136. 
 
Ghimire, S. R., Richardson, P. A., Moorman, G. W., Lea-Cox, J. D., Ross, D. S., and Hong, 
C. X. 2009. An in-situ baiting bioassay for detecting Phytophthora species in irrigation 
runoff containment basins. Plant Pathology 58:577-583. 
 
Hammer, D. A. 1992. Designing constructed wetlands systems to treat agricultural 
nonpoint source pollution. Ecological Engineering 1:49-82. 
 
Hong, C. X., and Moorman, G. W. 2005. Plant pathogens in irrigation water: challenges 
and opportunities. Crit. Rev. Plant Sci. 24:189-208. 
 
Islam, M. T., and Tahara, S. 2001. Chemotaxis of fungal zoospores, with special 
reference to Aphanomyces cochlioides. Biosci. Biotechnol. Biochem. 65:1933-1948. 
 
MacDonald, J. D., and Duniway, J. M. 1978. Temperature and water stress effects on 
sporangium viability and zoospore discharge in Phytophthora cryptogea and P. 




MacDonald, J. D., Ali-Shtayeh, M. S., Kabashima, J., and Stites, J. 1994. Occurrence of 
Phytophthora species in recirculated nursery irrigation effluents. Plant Disease 78: 607-
611. 
 
Nelson, P. V. 1991. Greenhouse operation and management. 4th Edition. Prentice Hall. 
Englewood Cliffs, NJ. 
 
O’Brien, P. A., Williams, N., StJ Hardy, G. E. 2009. Detecting Phytophthora. Critical 
Reviews in Microbiology 35: 169-181. 
 
Olson, H. A., and Benson, D. M. 2011. Characterization of Phytophthora spp. on 
Floriculture Crops in North Carolina. Plant Disease 95:1013-1020. 
 
Ridge, G. A., White, S. A., Meadows, I. M., and Jeffers, S. N. 2012. Developing a method 
to evaluate plants used in constructed wetlands for susceptibility to five species of 
Phytophthora. Southern Nursery Association Research Conference Proceedings 57:251-
256. 
 
Taylor, M. D., White, S. A., Chandler, S. L., Klaine, S. J., and Whitwell, T. 2006. Nutrient 
management of nursery runoff water using constructed wetland systems. Hort 
Technology 16:610-614. 
 




USEPA 2012. Federal water quality standards for the state of Florida 
http://water.epa.gov/lawsregs/rulesregs/florida_index.cfm. 
 
Vymazal, J., Greenway, M., Tonderski, K., Brix, H. and Mander, U., 2006. Constructed 
wetlands for wastewater treatment. Wetlands and Natural Resources Management: 69-
91. Verhoeven, J. T. A., Beltman, B., Bobbink, R. and Whigham, D. F., eds. Springer 
Verlag, Berlin-Heidelberg. 
Vymazal, J. 2011. Constructed wetlands for wastewater treatment: five decades of 
experience. Environ. Sci. Technol. 45:61-69. 
 
Werres, S., Wagner, S., Brand, T., Kaminski, K. and Seipp, D. 2007. Survival of 
Phytophthora ramorum in recirculating irrigation water and subsequent infection of 




Yang, Z., Zheng, S., Chen, J., and Sun, M. 2008. Purification of nitrate-rich agricultural 
runoff by a hydroponic system. Bioresource Technology 99:8049-8053. 
 
Zhang, S., White, T. L., Martinez, M. C., McInroy, J. A., Kloepper, J. W., and Klassen, W. 
2010. Evaluation of plant growth-promoting rhizobacteria for control of Phytophthora 




Table 3-1. Rating scale used to quantify the amount of the perimeter of a rhododendron 
leaf disk colonized by Phytophthora spp. 
Rating value Perimeter colonized (%)a Midpoint value (%)b 
0 None 0 
1 1-25 12.5 
2 26-50 38.5 
3 51-75 63.5 
4 76-99 88.5 
5 100 100 
a Estimated amount of the perimeter on a leaf disk, 5 mm in diameter, from which 
hyphae of  Phytophthora spp. grew.  Leaf disks, which were used to bait Phytophthora 
spp. in aqueous solutions, were blotted dry and then embedded in PARPH-V8 selective 
medium; isolation plates were placed at 25°C in the dark for 24 to 30 h. Leaf disks were 
observed at 20 to 40×. 




Table 3-2. Recovery of zoospores from five species of Phytophthora with a baiting bioassay that were present in aqueous solutions 
around four wetland plants in a greenhouse for 28 daysw 
 Leaf disk perimeter colonized (%) x 




(n = 2) 
Plant  
(n = 12)  
No plant 
(n = 2) 
Plant  
(n = 18)  
No plant 
(n = 2) 
Plant  
(n = 6)  
No plant 
(n = 1) 
Plant  
(n = 6) 
P. cinnamomi 100  71  a  100 51   80 51 bc  40 33 c 
P. citrophthora 67  12  b  64 47   58 30 c  52 27 d 
P. cryptogea 100  1  b  100 74   100 97 a  100 84 a 
P. nicotianae 69  0  b  68 43   64 23 c  77 28 d 
P. palmivora 100  1  b  100 62   87 67 ab  58 47 b 
LSD 22.9 ns 29.8 4.0 
     
2-way ANOVAz P > F P > F P > F P > F 
Species 0.002 0.132 0.011 <0.001 
Time 0.003 <0.001 <0.001 <0.001 
Species × Time 0.083 0.963 0.127 <0.001  
w Three isolates were used for each species of Phytophthora; agar  plugs were placed on the bottom of 1.9-liter plastic containers and 
covered with Milli-Q water.  Baits were removed and replaced every 3 days; baits removed were placed on PARPH-V8 agar for pathogen 
recovery. 
x Mean percentage of the perimeter of rhododendron leaf disks that werecolonized by a species of Phytophthora.  For each plant 
species, data were analyzed separately; 1 or 2 containers had no plants and 6 to 18 containers had plants (n= no. of containers), 
depending on the number of trials conducted. 
y Means in each plant column with a letter in common are not significantly different based on Fisher’s protected least significant 
difference (LSD; P = 0.05); ns = not significant.  Means for containers with no plants were not analyzed because there were not enough 
replicates. 
z Results from multiple trials with each plant species were combined, and data were analyzed by two-way analysis of variance (ANOVA).  
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Table 3-3. Densities of zoospores, determined by filtration, produced by five species of Phytophthora around four wetland plants 
growing in aqueous solutions over a 28-day period in the greenhousew  
 
 No. colony forming units in 25 ml of solutionx 




(n = 2) 
Plant 
(n = 12)  
No plant 
(n = 2) 
Plant 
(n = 12)  
No plant 
(n = 2) 
Plant 
(n = 6)  
No plant 
(n = 1) 
Plant 
(n = 6) 
P. cinnamomi 15.2 4.1 bc  12.7 8.1 c  8.8 2.9 bc  12.0 5.9 b 
P. citrophthora 14.1 5.9 a  19.0 10.9 bc  8.8 1.8 c  20.5 5.0 bc 
P. cryptogea 33.8 2.0 d  40.0 23.8 a  21.8 13.1 a  28.0 11.4 a 
P. nicotianae 4.1 3.2 cd  2.0 6.4 c  9.4 1.3 c  25.3 2.4 c 
P. palmivora 57.4 5.1 ab  21.2 15.4 b  42.5 9.0 ab  47.0 3.1 bc 
LSD 1.7 6.0 6.0 3.4 
     
2-way ANOVAz P > F P > F P > F P > F 
Species <0.001 <0.001 0.047 <0.001 
Time 0.372 <0.001 0.568 0.010 
Species × Time 0.203 0.003 0.771 0.065  
w Three isolates were used for each species of Phytophthora; agar  plugs were placed on the bottom of 1.9-liter plastic containers and 
covered with Milli-Q water.  Two 25-ml samples of solution were filtered every 7 days; filter membranes were placed on PARPH-V8 agar 
for pathogen recovery. 
x For each plant species, data were analyzed separately; 1 or 2 containers had no plants and 6 to 18 containers had plants (n= no. of 
containers), depending on the number of trials conducted. 
y Means in each plant column with a letter in common are not significantly different based on Fisher’s protected least significant 
difference (LSD; P = 0.05).  Means for containers with no plants were not analyzed because there were not enough replicates. 
z Results from multiple trials for each plant species were combined, and data were analyzed by two-way analysis of variance (ANOVA). 
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Table 3-4. Isolation of five species of Phytophthora from pieces of roots from four 
aquatic plants that were grown in aqueous solution not infested or infested with each of 
five species of Phytophthora for 28 days in a greenhouse 






Plants Pieces  Plants Pieces 
No.w % No.x % No.w % No.x % 
Canna 
flaccida 
None   0/11 0 0/92 0 
 
0/11 0 0/89 0 
 P. cinnamomi 8/9 89 18/74 24  6/9 67 17/73 23 
 P. citrophthora 4/8 50 11/64 17  0/8 0 0/64 0 
 P. cryptogea 3/11 27 3/89 3  0/11 0 0/90 0 
 P. nicotianae 1/10 10 1/82 1  0/10 0 0/82 0 
 P. palmivora 7/10 70 16/85 19  2/10 20 2/84 2 
 Total  23/48 48 49/394 12  8/48 17 19/393 5 
 Treatmenty: P > χ2 0.001  <0.001   <0.001  <0.001  
 Speciesz: P > χ2 0.004  <0.001   0.001  <0.001  
         
Juncus 
effusus 
None   0/16 0 0/122 0 
 
0/16 0 0/126 0 
 P. cinnamomi 4/17 24 13/130 10  1/16 6 2/134 1 
 P. citrophthora 12/16 75 36/127 28  3/16 19 5/122 4 
 P. cryptogea 11/18 61 57/140 41  9/18 50 17/138 12 
 P. nicotianae 12/18 67 33/141 23  4/18 22 7/141 5 
 P. palmivora 12/17 71 31/135 23  3/17 18 13/134 10 
 Total 51/86 59 170/673 25  20/85 24 44/669 7 
 Treatmenty: P > χ2 <0.001  <0.001   0.006  <0.001  






None   0/6 0 0/50 0  0/6 0 0/50 0 
P. cinnamomi 2/8 25 5/65 8  0/8 0 0/66 0 
 P. citrophthora 0/4 0 0/33 0  0/4 0 0/33 0 
 P. cryptogea 0/5 0 0/43 0  0/5 0 0/45 0 
 P. nicotianae 0/4 0 0/35 0  0/4 0 0/33 0 
 P. palmivora 1/5 20 2/42 5  0/5 0 0/45 0 
 Total 3/26 12 7/218 3  0/26 0 0/222 0 
 Treatmenty: P > χ2 0.425   0.040       
 Speciesz: P > χ2 0.483  0.084      
         
Typha 
latifolia 
None   0/5 0 0/45 0 
 
0/5 0 0/45 0 
 P. cinnamomi 0/6 0 0/51 0  0/6 0 0/51 0 
 P. citrophthora 0/6 0 0/50 0  0/6 0 0/52 0 
 P. cryptogea 1/5 20 2/45 4  0/5 0 0/52 0 
 P. nicotianae 0/5 0 0/44 0  0/5 0 0/46 0 
 P. palmivora 4/6 67 6/54 11  0/6 0 0/57 0 
 Total 5/28 18 8/244 3  0/28 0 0/258 0 
 Treatmenty: P > χ2 0.006   0.001      
 Speciesz: P > χ2 0.009   0.004      
u Roots were rinsed in tap water and blotted dry before pieces were excised and placed 
in PARPH-V8 medium. 
v Roots were disinfested in 10% bleach for 30 s, rinsed in tap water, and blotted dry 
before pieces were excised and placed in PARPH-V8 medium. 
w Numbers of plants from which each species of Phytophthora was isolated out of the 
total numbers of plants used. 
x Number of root pieces from which a Phytophthora sp. was isolated out of the total 
number of pieces from which isolation was attempted for all replicate plants combined. 
 y Probability of a greater χ2 value in a 6 × 2 contingency table with 5 degrees of freedom 
comparing all six treatments. 
z Probability of a greater χ2 value in a 5 × 2 contingency table with 4 degrees of freedom 
comparing the five treatments with species of Phytophthora.   
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Figure 3-1. Recovery of zoospores from five species of Phytophthora with a baiting 
bioassay present in aqueous solutions around four wetland plants growing in a 
greenhouse for 28 days.  Data are mean percentages of the perimeters of rhododendron 
leaf disks colonized from all trials combined for each plant species:  Juncus effusus—
three trials and 18 plants; Canna flaccida—two trials and 12 plants; Sagittaria latifolia—
two trials and 6 plants; and Typha latifolia—one trial and 6 plants.  
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Figure 3-2. Densities of zoospores (numbers of colony forming units [CFU] in 25 ml) 
produced by five species of Phytophthora in aqueous solutions around four wetland 
plants growing in a greenhouse for 28 days.  Zoospore densities were determined by 
filtration at 6-day intervals.  Data are mean values for all trials combined for each plant 
species: Juncus effusus—three trials and 18 plants; Canna flaccida—two trials and 12 





FIELD STUDY: ISOLATION OF PHYTOPHTHORA SPECIES FROM PLANTS IN CONSTRUCTED 
WETLANDS AND IRRIGATION CHANNELS TREATING PRODUCTION RUNOFF AT AN 
ORNAMENTAL PLANT NURSERY 
Abstract 
 Plant samples were collected from the inflow and outflow points in vegetated 
channels and two constructed wetland systems at an ornamental plant nursery in Cairo, 
GA, to determine if wetland plant roots were colonized by species of Phytophthora.  
Samples were collected during all four seasons of the year to investigate whether the 
presence of Phytophthora species and the degree of root colonization varies with 
season.  Approximately 350 wetland plant samples were collected and 22 isolates of 
Phytophthora spp. were recovered.  Phytophthora species were collected most 
consistently (68%) in runoff channels receiving water directly from plant-production 
areas, while no Phytophthora species were detected from plants collected near the end 
of the constructed wetland systems where effluent leaves the nursery.  No seasonal 
trends were observed in plant infestation or presence of species of Phytophthora.  The 
wetland plants collected had limited susceptibility to species of Phytophthora, with the 
pathogen found infesting roots of only 6.3% of the 350 plants sampled.  No species of 
Phytophthora were found infecting Canna flaccida, Juncus effusus, and Lemna 
valdiviana.  The exotic invasive plant species Murdannia keisak (33%) and Alternanthera 
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philoxeroides (15%) were found to have the first and third highest, respectively, 
incidence of infestation.  Two native species, Bidens laevis (22%) and Sagittaria latifolia 
(12%), had the second and fourth (respectively) highest incidence of infestation.  
Management of invasive species may be critical in drainage canals and constructed 
wetland systems because of their propensity towards infestation by Phytophthora 
species.  This study has identified several wetland plants that exhibited little or no 
susceptibility to species of Phytophthora under conditions at a production nursery.  
Plant species recommended for further investigation include Canna flaccida, 
Hydrocotyle umbellata, Pontederia cordata, and Typha latifolia.  These findings provided 
an important first look at the interaction between wetland plants and species of 
Phytophthora in wetland systems treating irrigation runoff and will serve to further 
optimize constructed wetlands for the removal of propagules of plant pathogens.  
Introduction 
All sectors of plant production heavily depend upon fresh water to grow and 
produce quality crops.  As competition for fresh water resources increases, producers of 
agricultural and ornamental crops require information related to the use and quality of 
alternative water sources to ensure continued and economically sustainable crop 
production.  Recycled irrigation runoff is one alternative water source that is often a last 
resort for many producers of ornamental plants in the southeastern U.S.  A major 
barrier limiting adoption of irrigation water reuse is the perceived potential for infection 
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of crops by plant pathogens present in recycled water.  Numerous studies have shown a 
positive correlation between irrigating plants with plant pathogen-contaminated water 
and disease incidence (Klotz et al., 1959; McIntosh, 1966; Shokes and McCarter, 1979; 
Whiteside and Oswalt, 1973).  Furthermore, MacDonald et al. (1997) concluded that 
recycled irrigation water can harbor significant levels of plant pathogen propagules.  
Researchers hypothesize that pathogens could be spread from a small number of 
infected plants to an entire nursery if propagules infest recycled irrigation water (Pettitt 
et al., 1998).  A number of chemical treatments such as chlorination, ozonation, copper 
or silver ionization, and UV light effectively eliminate propagules of Phytophthora spp. 
and other water-borne plant pathogens from water (Hong and Moorman, 2005; Water 
Education Alliance, 2012).  The cost of installation and maintenance of these chemical 
treatment systems is one major factor limiting their use (Hong and Moorman, 2005; 
Water Education Alliance, 2012).  Perhaps the most problematic issue with treating 
irrigation water with chlorine, ozone, or metal ions is that the disinfestation byproducts 
can be toxic to plants and humans at high exposure concentrations (ATSDR, 2010; Hong 
and Moorman, 2005). 
Constructed wetlands are designed to mimic the biological and chemical 
filtration capacity of natural wetlands.  Constructed wetland systems have been used to 
treat wastewater from many sources, including municipalities, industries 
(petrochemical, chemical, pulp and paper, textile, tannery, food processing, distillery 
and winery, mining, and laundry), agriculture (dairy, fish farms, pig farms), landfills, 
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urban areas, highways, and greenhouses and nurseries (Hammer, 1992; Vymazal et al., 
2006; Vymazal, 2011; White et al., 2010).  In nurseries and greenhouses, constructed 
wetlands and vegetated channels are used to remove fertilizers and pesticides from 
runoff.  We also may be able to design constructed wetlands to remediate plant 
pathogens from ornamental plant nursery runoff and thus provide an alternative to 
chemical treatment for removing both biological (pathogen, algae, weed seed) and 
chemical (pesticide, nutrient, metal) contaminants.  However, the susceptibility of 
common hydrophytic (wetland) plant species to infection by species of Phytophthora 
and their ability to remove propagules of species of Phytophthora from runoff water 
must be characterized to optimize constructed wetland and vegetated runoff channel 
design.  By identifying wetland plant species that are not susceptible to species of 
Phytophthora for inclusion in these treatment systems, we can reduce the likelihood 
that wetland plants will function as inoculum sources. 
The goal of this research was to investigate whether plants established in 
vegetated runoff channels and constructed wetland systems treating runoff at an 
ornamental plant nursery were serving as inoculum reservoirs for species of 
Phytophthora.  Plants were collected at various times during the year to investigate 
seasonal trends in the occurrence of Phytophthora spp. naturally present in runoff water 
on the roots of wetland plants at the nursery. 
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Materials and Methods 
Study location.  The field study was conducted at an ornamental plant nursery in 
Cairo, GA.  Root samples from 14 plant species were collected to determine potential 
associations with species of Phytophthora (Table 4-1).  Samples were collected 12 times 
over an 18-month period to characterize seasonal variability in presence of 
Phytophthora spp. and plant susceptibility.  Constructed wetland 1 was a 3.1-ha free-
water surface constructed wetland system that treats runoff water collected from a 
48.6-ha nursery production area in two-stages (Figure 4-1).  The design and hydrology of 
constructed wetland 1 are discussed in detail by White et al. (2010).  Briefly, water from 
the production area is channeled to a rentention pond, from which it is pumped to 
stages 1A and 1B of the wetlands. Water flows from stage 1 into stages 2A and 2B of the 
wetlands and then is discharged into stilling ponds after treatment.  Constructed 
wetland 2 is a 1.65-ha constructed wetland remediation system treating runoff water 
collected from 87.8-ha of nursery production area, using a four-stage free-water 
surface, vegetated wetland design (Figure 4-2).  Water from the production area is 
channeled to a rentention pond where it is pumped into wetland cell 1.  Water flows 
from cell 1 into the second, third, and fourth cells of the wetland before it is discharged 
into a stilling pond (Site 16) and released offsite. 
Sixteen specific sampling locations were designated with GPS coordinates 
(Appendix G) along vegetated channels and the two constructed wetlands (Figures 4-1 
and 4-2).  Locations for sample sites were selected to represent various stages of water 
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treatment.  Sites 1, 2, 3, 14, and 15 were located in vegetated ditches channeling water 
from production area into retention ponds.  Locations for sites 4, 5, 6, 7, 10, 11, and 12 
were chosen to sample the middle of the constructed wetlands. Sites 8 and 13 represent 
final wetland treatment stages, and sites 9 and 16 were at the point of treated water 
discharge into the environment.   
Sample collection and processing.  On each sample date, root systems from two 
or three wetland plant species were sampled from 10-m2 plots within each designated 
site, stored in sealable plastic bags, and transported in a cooled ice chest to the 
laboratory.  In the laboratory (< 12 hours after plants were collected), plant roots were 
stored at 15°C in the dark until processed, and roots were processed within 6 days of 
collection.  Roots were rinsed under running tap water and seven to ten root pieces (1 
to 2 cm in length) were excised from each plant and these were embedded in PARPH-
V8, a medium selective of Phytophthora spp.  This medium was prepared according to 
the methods of Ferguson and Jeffers (1999) and reported in Chapters 2 and 3.  Isolation 
plates were held for 3 to 7 days at 20°C in the dark and inspected regularly for colonies 
of Phytophthora species.  Colonies of Phytophthora spp. were subcultured on fresh 
PARPH-V8 and then stored on clarified V8 agar at 15°C in the dark (recipe in Chapter 2). 
Isolate characterization.  Isolates initially were confirmed to be species of 
Phytophthora based on sporangium morphology and oospore production.  Isolates were 
later verified by sequencing the internal transcribed spacer (ITS) region.  To produce 
sporangia, cultures of each isolate were grown on 10% V8 Juice agar (V8A: 100 ml of V8 
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juice, 1 g of CaCO3, 15 g of Bacto agar, and 900 ml of distilled water).  Agar plugs (5 mm 
in diameter) from the advancing margins with actively growing hyphae were transferred 
to a 60-mm petri dish and covered with 1.5% non-sterile soil extract solution (Jeffers 
and Aldwinkle, 1987).  Petri plates were placed under continuous fluorescent light at 
room temperature (22 to 25°C) and examined after 12 to 24 h. The shape of sporangia, 
presence of papillae, and type of sporangiophore were observed microscopically (40 to 
200×).  Sporangia were classified as papillate if papilla appeared as a full hemisphere, 
semi-papillate if papillae were conspicuous but appeared as less than a full hemisphere, 
and non-papillate if papillae were inconspicuous (Erwin and Ribeiro, 1996).  To produce 
oospores, isolates were grown in axenic culture on super clarified V8 Juice agar (scV8A; 
Jeffers and Aldwinckle, 1988) at 20°C in the dark for 6 weeks. scV8A contained per liter: 
100 ml of clarified and buffered V8 juice, 30 mg of beta-sitosterol (Sigma-Aldrich) 
dissolved in 10 ml of 95% ethanol by warming over an open flame, 20 mg of L-
tryptophan (Sigma-Aldrich), 100 mg of CaCl2-2H2O (Sigma-Aldrich), 1 mg of thiamine HCl 
(Sigma-Aldrich), and 15 g of Bacto agar.  Isolates that produced oospores were classified 
as homothallic and those that did not produce oospores were classified as heterothallic.  
Antheridium attachment was evaluated if oospores were formed. 
DNA extraction, polymerase chain reaction (PCR) using ITS 6 and ITS 4 primers, 
and purification of the amplified PCR product followed the procedures outlined in 
Chapter 2.  Purified PCR product for each isolate was submitted to the Clemson 
University Genomics Institute (CUGI) for Sanger sequencing.  Separate sequences from 
 
124 
the forward and reverse primers for each DNA sample were aligned and edited using the 
software from the Staden Package for Windows, ver. 1.6.0.  The concatenated sequence 
then was compared and matched with nucleotide sequences of isolates deposited in the 
Phytophthora Database at Pennsylvania State University (Park et al., 2008).  
Concatenated sequences from our study isolates were considered to match sequences 
of isolates deposited in the databases when the identity was >99.5% or the overlap was 
>750 base pairs. 
Results 
Seasonal dynamics of Phytophthora spp.  Because root systems of plants 
collected for isolation were washed under running tap water and were not surface-
disinfested in any way, it is not known if colonies of Phytophthora spp. recovered from 
root pieces grew from propagules on the surface of the roots or from hyphae that had 
penetrated the roots.  Therefore, roots from which Phytophthora spp. were isolated 
were designated as infested and not infected.  Approximately 350 wetland plant 
samples were collected over an 18-month period, and 22 of these plants were found to 
be infested by species of Phytophthora during the study.  Only one species of 
Phytophthora was recoved from each infested plant, so one isolate of Phytophthora sp. 
was subcultured and saved for identification from each infested plant.  Species of 
Phytophthora consistently were isolated from one or more wetland plants on each 
sample date except for January 2012 (Figure 4-3).  In November 2011 and March 2012, 
Phytophthora species were detected on four plant root systems, which was the highest 
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incidence of infestation of wetland plants during the study.  There was no clear 
relationship between season and colonization of plants by species of Phytophthora. 
Due to plant distribution within the wetlands and varied presence from season 
to season, only eight plant species were sampled over all four seasons.  These included 
Canna flaccida, Hydrocotyle ranunculoides, Hydrocotyle umbellata, Lemna valdiviana, 
Pontederia cordata, Sagittaria latifolia, and Typha latifolia.  Seasonal trends in 
susceptibility of these eight wetland plants were not detected.  During summer months 
of 2011 and 2012 combined, Phytophthora spp. were detected on only four plants 
(Figure 4-3).  For species of Hydrocotyle, three out of six isolates were found during the 
month of March; however the remaining of the isolates were found in different seasons 
(June, September, and November; Table 4-1 and Figure 4-3).  Two of the three isolates 
from Typha latifolia also were recovered in March with the third isolate detected during 
the summer. 
Overall, six different taxa of Phytophthora were recovered from roots of wetland 
plants during this study (Table 4-2).  Four were described species (P. citrophthora, P. 
drechsleri, P. nicotianae, and P. rosacearum) and two were taxa that have been reported 
by others but have not been formally described as species (P. taxon persoonii and P. 
taxon unknown).  Eight of the isolates recovered (36%) were not identified because of 
technical problems with ITS sequences and, therefore, are listed as Phytophthora sp. 
(Table 4-2).  Season was found to influence the species of Phytophthora present in the 
constructed wetlands.  Phytophthora citrophthora was detected on wetland plant roots 
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during March of 2011 and 2012.  Phytophthora drechsleri and P. taxon persoonii were 
most commonly found from November to March, and P. nicotianae was isolated from 
roots only in July of 2012. 
Presence of Phytophthora spp. within wetland systems.  Locations of the 
sample sites (Figures 4-1 and 4-2) were selected to represent various stages of water 
treatment by the constructed wetlands and vegetated buffer canals.  In wetland system 
1 (Figure 4-1), a total of 12 isolates were found in the vegetated canal (sites 1-3).  After 
production runoff flowed through the constructed wetland stages and into the stilling 
ponds (site 9), where remaining sediment is removed from effluent, Phytophthora 
species were not detected on plant roots.  In wetland system 2 (Figure 4-3), four isolates 
were found in the vegetated canals (site 14 and 15) channeling water from areas of 
nursery production into the retention pond.  However, Phytophthora species were not 
detected on plants at the stilling pond, the site of water discharge from the wetlands 
(site 16).  
A significant trend existed between the presence of Phytophthora species and 
location within the wetland system.  Eighty percent of the plants in constructed wetland 
system 1 that were infested by species of Phytophthora were found in the vegetated 
collection channel, and 57% of the plants colonized by species of Phytophthora in 
constructed wetland system 2 were found in the runoff channel from the plant 
production area.  Phytophthora spp. also were isolated from three plants collected from 
site 7, which was located in the second stage of water treatment by the wetlands 
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(Figure 4-1).  Each of these isolates was recovered from a different plant species (Table 
4-2) on three separate sample dates.  Species of Phytophthora were not detected at 
other sites in constructed wetland 1.  Within constructed wetland 2, Phytophthora spp. 
were recovered from plants collected in the treatment cells near the beginning of the 
treatment process (sites 10-12),  but they were not detected on plants after the third 
wetland cell—after additional treatment of the water.  Species of Phytophthora were 
not detected on roots of plants collected in the stilling ponds in both wetland systems 
(sites 9 and 16), which was the last cell before treated effluent was discharged into the 
environment. 
Presence of Phytophthora spp. by plant species.  Fourteen plant species were 
collected from the two wetland systems.  Murdannia keisak and Bidens laevis had the 
highest incidence of infestation by species of Phytophthora at 33% and 22%, 
respectively (Table 4-1), even though only a few plants of these two species were 
sampled due to their limited distribution within both constructed wetland systems.  
Species more commonly used in the constructed wetland systems such as 
Schoenoplectus californicus, Sagittaria latifolia, Pontederia cordata, and Typha latifolia 
all had low incidence of infestation by Phytophthora spp. except for Sagittaria latifolia; 
12% of these plants were infested.  Phytophthora spp. were not isolated from plants of 
these species: Canna flaccida, Juncus effusus var. solutus, Lemna valdiviana, and Carex 




We did not observe a trend between season and the occurrence of Phytophthora 
species on plant roots.  Temperature averages for months in which more than one plant 
was found to be infested by species of Phytophthora ranged from 10.9°C in December 
2011 to 26.3°C in September 2012.  This lack of a seasonal trend in plant susceptibility 
was unexpected, given that survival of some species of Phytophthora are negatively 
impacted by temperatures below 13°C and above 30°C (Erwin and Ribeiro, 1996; 
MacDonald and Duniway, 1978; Timmer et al., 2000).  Furthermore, no obvious seasonal 
trends for individual plant species were observed.  Isolates of Phytophthora spp. were 
found on both species of Hydrocotyle in June, September, November, and March.  The 
occurrence of Phytophthora spp. on other plant species was similar to that of 
Hydrocotyle, with isolations from individual plants occurring at various times of the year.  
Therefore, it appears that infestation of wetland plants used in the constructed 
wetlands at this nursery was not affected by season, so additional management of the 
wetland system to limit infestation of plants in the system that harbor pathogens will 
not be needed.  
During the summer, one isolate of Phytophthora nicotianae was found.  Erwin 
and Ribeiro (1996) describe P. nicotinae as having high optimum growth temperatures, 
so it is more likely to be active in the summer when temperatures are warmer.  
Phytophthora citrophthora was only found on plants in the spring; this also may be due 
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to temperature because P. citrophthora is known to grow at cooler temperatures (Erwin 
and Ribeiro, 1996; Gerlach et al., 1976). 
The absence of Phytophthora spp. on roots of plants growing in the later stages 
of the constructed wetland shows promise for these systems to reduce inoculum 
densities in runoff and prevent inoculum escape into the environment.  Phytophthora 
species were not present on the roots of wetland plants growing in later stages of the 
constructed wetland systems, which suggest that propagules, presumably zoospores, 
were eliminated over time by biological filtration as water passed through the wetland 
system.  Some mechanisms innate to biological filtration include predation by 
competing microorganisms, attack by lytic bacteria, attachment to biofilms, inactivation 
by bacteriophages or toxins, and natural die-off (Vymazal, 2008; Weber-Shirk and Dick, 
1997); these processes are those most likely to limit zoospore survival in constructed 
wetland systems.  Most of these mechanisms that involve removal or transformation of 
organic substances in constructed wetlands are accomplished through microbial 
processing (Hammer, 1992). 
The results from this study concur with other studies on removal of human 
pathogens by constructed wetlands.  Kamizoulis (2005) and Garcia et al. (2003) reported 
that tertiary treatment constructed wetlands associated with wastewater treatment 
facilities effectively decreased numbers of bacteria, protozoa, and viruses.  The only 
outlier in my study was site 7, where three species of Phytophthora were detected.  This 
location is where water enters the second stage of treatment.  Zoospores of 
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Phytophthora species still were present and active because water had only passed 
through one treatment stage (3.5 day hydraulic retention time).  Zoospores are viable 
for a limited time (Erwin and Ribeiro, 1996), and naturally-occurring populations in 
water samples from streams declined dramatically after 48 h (Jeffers, personal 
communication).  This does not explain the absence of Phytophthora on plant roots in 
sites 4 and 5 where the dominant plant species was Canna flaccida.  It is possible that 
zoospores were in the water but were not detected on Canna flaccida plants because 
the plants themselves were less susceptible to infestation.  An alternative explanation 
for the occurrence of Phytophthora at the site could be the presence of a host plant 
nearby that is serving as a source of inoculum. 
Overall, the wetland plant species we collected had limited susceptibility to 
infestation by the species of Phytophthora present in production runoff, as 
Phytophthora spp. were isolated from only 6.3% of the 350 plants sampled.  No isolates 
of Phytophthora spp. were found infesting Canna flaccida.  This result conflicts with the 
findings of the greenhouse susceptibility trials (Chapter 3) where almost half of all 
Canna flaccida plants became infested with a species of Phytophthora.  However, the 
inoculum load in the susceptibility trials is presumed to be much higher than the levels 
found in nursery runoff.  
The Lemna valdiviana samples collected were not infested with any species of 
Phytophthora.  Although, additional testing is needed to validate these findings for 
potential use in wetland systems because unpublished research by Loyd (2012) reported 
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isolation of P. hydropathica from surface disinfested tissue of Lemna sp. collected from 
a nursery retention pond in North Carolina.  Phytophthora hydropathica is capable of 
infecting Rhododendron as well as species of Kalmia (Hong et al., 2010); however, the 
host pathogen relationship between Lemna sp. and P. hydropathica or other species of 
Phytophthora has not been verified.  We have not isolated any Phytophthora species 
from Lemna valdiviana, despite sampling the plant on 27 occasions at the majority of 
sites throughout both wetland systems.  Thus determining susceptibility of Lemna 
valdiviana and other Lemna spp. to multiple species of Phytophthora is critical, as 
Lemna spp. are common aquatic weeds at nurseries throughout the United States 
(White, personal communication). 
Species of Phytophthora were isolated from 15% of Alternanthera philoxeroides 
roots and 7.69% of Schoenoplectus californicus roots.  Plants of both of these species 
that were growing in the late stages of wetland system 1 (site 7) were found to be 
infested by species of Phytophthora.  Sagittaria latifolia was used to establish both 
constructed wetlands 1 and 2 and had a 12% incidence of root infestation.  We did not 
observe infection of Sagittaria latifolia root systems in our greenhouse susceptibility 
trials (Chapter 3) even though the trials utilized an isolate of P. citrophthora collected 
from roots of Sagittaria latifolia.  Further research should be conducted to investigate 
the susceptibility of these wetland species (Alternanthera philoxeroides, Schoenoplectus 
californicus, and Sagittaria latifolia) to multiple species of Phytophthora and the 
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potential for these plants to serve as source plants releasing inoculum of Phytophthora 
spp. into effluent leaving constructed wetlands. 
The plant species with the highest incidences of infestation by Phytophthora spp. 
consisted of one native and two exotic invasive species.  Bidens laevis was collected nine 
times with two plants having infested roots.  More importantly, the incidence of 
Phytophthora spp. infestation of Murdannia keisak was 33% and that of Alternanthera 
philoxeroides was 15.38%.  Murdannia keisak is a moderately invasive (Category 2) 
herbaceous perennial species that spreads vegetatively via fragmentation, and 
Alternanthera philoxeroides is considered a seriously invasive herbaceous perennial 
species and is known to spread via vegetative propagules (White et al., 2012).  Thus, 
management and eradication of these two herbaceous perennial species in nursery 
settings may be more critical as our research shows it serves as a host for at least one 
(P. dreschleri) species of Phytophthora.  The data are also suggestive of the potential for 
invasive exotic plant species to harbor species of Phytophthora on their roots.  This may 
serve as further reason to eliminate invasive plants from runoff channels and 
constructed wetland systems. 
Overall, the wetland species we assayed had limited susceptibility to species of 
Phytophthora, with the pathogen found infesting roots of only 6.3% of the 350 plants 
sampled.  No isolates were found on roots of Canna flaccida, Juncus effusus, and Lemna 
valdiviana.  These findings provide an important first look at the interaction between 
wetland plants and species of Phytophthora in wetland systems treating irrigation runoff 
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and will serve to further optimize constructed wetlands for the removal of chemical 
contaminants and plant pathogen propagules.  Plant species that show the most 
promise as biological filters for establishing constructed wetlands include Canna 
flaccida, Hydrocotyle umbellata, Pontederia cordata, and Typha latifolia.  Additional 
research to enhance our knowledge of wetland plant susceptibility include further plant 
sampling and investigating root infection rather than just surface infestation. 
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Table 4-1.  Plant species collected at 16 sample sites throughout two constructed wetland systems that received runoff water at a 
commercial ornamental plant nursery in Georgia and the total number of plants from which species of Phytophthora were recovered 






 No. % 
Alternanthera philoxeroides (Mart.) Griseb. Alligator-weed 1,2,5-15 26 4 15.4 
Bidens laevis (L.) Britton, Sterns, & Poggenb Smooth beggartick 3,5,8 9 2 22.2 
Canna flaccida Salisb. Bandana of the everglades 4,5,6,9 32 0 0.0 
Hydrocotyle ranunculoides L.f. Floating marshpennywort 1,2,3,5,9-13,15,16 48 3 6.3 
Hydrocotyle umbellata L. Manyflower, Marshpennywort 1,2,6,7,8,9,11-16 60 3 5.0 
Juncus effusus L. var. solutus Fernald & Wiegand Lamp rush 7,8 4 0 0.0 
Lemna valdiviana. Phil. Duckweed 1,2,6,9-13,16 27 0 0.0 
Murdannia keisak (Hassk.) Hand.-Maz. Wart removing herb 2,9,14 3 1 33.3 
Panicum hemitomon Schult. Maidencane 1,2,3,9,10,14 14 1 7.1 
Pontederia cordata L. Pickerelweed 3,6,8-13 27 1 3.7 
Sagittaria latifolia Willd. Broadleaf arrowhead 3,4,6,8,9,15 25 3 12.0 
Schoenoplectus californicus (C.A. Mey.) Palla. California bulrush 7,11,13 13 1 7.7 
Carex sp. Sedge 1,3,9,12 5 0 0.0 
Typha latifolia L. Broadleaf cattail 1-10,12,13,15 55 3 5.5  




Table 4-2. Identity of isolates of Phytophthora species and the wetlandplants and constructed 
wetlands site from which each was recovered: Wetland system 1 (Sites 1-9) and 2 (Sites 10-16). 
 
Site Isolate no. Phytophthora speciesa Plant infected 
1 1.16 Phytophthora drechsleri Hydrocotyle ranunculoides 
 1.21 Phytophthora sp.b Alternanthera philoxeroides 
2 2.7 Phytophthora sp.b Hydrocotyle ranunculoides 
 2.9 Phytophthora sp.b Alternanthera philoxeroides 
 2.20 Phytophthora drechsleri Hydrocotyle ranunculoides 
 2.23 Phytophthora nicotianae Typha latifolia 
 2.24 Phytophthora sp.b Murdannia keisak 
3 3.3 Phytophthora citrophthora Typha latifolia 
 3.5 Phytophthora citrophthora Sagittaria latifolia 
 3.14 Phytophthora sp.b Bidens laevis 
 3.15 Phytophthora drechsleri Bidens laevis 
 3.16 Phytophthora rosacearum Sagittaria latifolia 
7 7.14 Phytophthora sp.b Schoenoplectus californicus 
 7.16 Phytophthora taxon persoonii Typha latifolia 
 7.17 Phytophthora sp.b Alternanthera philoxeroides 
10 10.5 Phytophthora taxon persoonii Panicum sp. 
11 11.7 Phytophthora taxon unknownc Hydrocotyle umbellata 
12 12.7 Phytophthora taxon persoonii Pontederia cordata 
14 14.10 Phytophthora drechsleri Hydrocotyle umbellata 
 14.12 Phytophthora drechsleri Alternanthera philoxeroides 
 14.14 Phytophthora citrophthora Hydrocotyle umbellata 
15 15.22 Phytophthora sp.b Sagittaria latifolia 
a Study isolates were indentified by sequencing the ITS region. Sequences were considered to 
match sequences of isolates deposited in the Phytophthora database at Pennsylvania State 
University when the identity was >99.5% or the overlap was >750 base pairs. 
b Isolates were unable to be identified to species because of inferior sequence quality. 







Figure 4-1.  Collection sites within wetland system 1: Water flowed from the runoff collection channel into a retention pond.  Water 
was pumped from the retention pond into stages 1A and 1B.  Arrows represent water flow through each stage of the system and 
circled numbers indicate numbers of isolates of species of Phytophthora found at each collection site. 
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Figure 4-2. Collection sites within wetland system 2: Water flowed from the runoff 
collection channel into a retention pond.  Water was pumped from the retention pond 
into cell 1.  Arrows represent water flow through each wetland cell and circled numbers 
indicate numbers of isolates of species of Phytophthora found at each collection site.  
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Figure 4-3.  Number of wetland plants infested with taxa of Phytophthora.  Plants were 
used to treat runoff water at a production nursery and were sampled on 12 dates in 




SUMMARY AND CONCLUDING REMARKS 
Summary of Results  
This research developed an effective and relatively consistent inoculum delivery 
method for five species of Phytophthora in aqueous systems.  Zoospores were released 
from sporangia produced from mycelia in agar plugs placed on the bottom of containers 
and covered with aqueous solution over 29- and 13-day test periods.  This method of 
exposure can be used to provide consistent levels of inocula for evaluating wetland 
plant species and other hydroponically grown plants for potential susceptibility to 
species of Phytophthora.  Two wetland plant species (Sagittaria latifolia, and Typha 
latifolia) displayed little susceptibility to species of Phytophthora while roots of Juncus 
effusus were infected by P. cryptogea, P. nicotianae, and P. palmivora and Canna 
flaccida had the highest rates of infection by P. cinnamomi.  Bait colonization and 
zoospore densities present in the containers without plants were almost always higher 
than those in containers with plants.  This suggests that the wetland plant species used 
in this study had a negative impact on the production or activity of zoospores.  This 
impact seemed to be greatest during trials with Canna flaccida, which suggests possible 
root exudates could be responsible.   
Wetland plant species collected from constructed wetlands and irrigation 
channels treating plant production runoff had limited susceptibility to species of 
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Phytophthora, with these pathogens found infesting roots of only 6.3% of the 350 plants 
sampled.  Phytophthora spp. were not found infesting roots of Canna flaccida, Juncus 
effusus, and Lemna valdiviana.  These findings provided an important first look at the 
interaction between wetland plants and species of Phytophthora in runoff channels and 
wetland systems treating irrigation runoff and will serve to further optimize 
development of constructed wetlands for the removal of plant pathogen propagules.   
Plant species we recommend for further study include Canna flaccida, 
Hydrocotyle umbellata, Pontederia cordata, Sagittaria latifolia, and Typha latifolia.  By 
establishing constructed wetlands with plant species that have shown promising results 
during evaluation of potential suceptibility, propagules of Phytophthora spp. will be less 
likely to establish themselves in roots and reproduce within the constructed wetland 
system.  This may limit and prevent escape of inoculum of species of Phytophthora from 
nursery production runoff into the environment and allow for safe reuse of irrigation 
runoff for re-irrigation of nursery crops. 
Suggestions for future research 
Additional research that may enhance the inoculation method we devised 
includes optimization of the number of agar plugs needed to obtain less variation in leaf 
bait colonization and additional summer greenhouse trials with Milli-Q water and soil 
extract solution to have more complete filtration data during summer months.  
Experiments with a full compliment of replicate containers without plants are needed to 
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document the potential negative effect plants appeared to have on zoosporer activity in 
this my experiments.  If plants are confirmed to limit zoospore activity, it would be 
useful to determine the mechanism of this effect—e.g., physical filtration or obstruction 
or chemical inhibibtion. 
To enhance our knowledge of wetland plant susceptibility, additional 
experiments evaluating Sagittaria latifolia and Typha latifolia should be conducted as 
well as other trials testing additional wetland plant species—like the ones sampled in 
the constructed wetlands at the nursery in south Georgia (see Chapter 4).  For these 
trials I suggest using a 5% bleach solution to remove contaminants from plant roots.  
The 10% bleach solution used in this study had a noticeable impact on the health of the 
more sensitive plant species (Sagittaria latifolia and Canna flaccida).  Developing a 
better method for supporting plant species in the experimental containers is advised as 
that was one challenge faced during these experiments.  Container solutions from 
additional Canna flaccida trials should be collected and analyzed to attempt to isolate a 
root exudate that might be affecting zoospore activity.  Water samples should be 
processed, run through solid phase extraction, and eluted from columns immediately to 
prevent degradation of compounds.  Strata X columns should not be frozen before the 
column is eluted; the plastic beads comprising the bed of the cartridge can expand and 
fracture if ice forms. 
Further plant sampling from the constructed wetlands at the nursery in south 
Georgia should be conducted to further elucidate the relationship between zoospores of 
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species of Phytophthora and wetland plant roots in situ.  Additionally, investigating root 








Pictures of sporangia from 15 isolates of the five species of Phytophthora used in 
this study.  Sporangium formation was induced by taking V8A plugs from the advancing 
margin of a single isolate and covering it with 1.5 % non-sterile soil extract solution 
















A- P. cinnamomi isolates from left to right: 02-0912, 02-1054, and 10-0053 


























C- P. cryptogea isolates from left to right: 05-0491, 06-0989, and H.ran 2.7 
D- P. nicotianae isolates from left to right: 05-0690, 06-0496, and 07-1391 







Mean bait colonization values for days 3 to 29 of the laboratory experiment.  V8 
Juice agar plugs from actively growing cultures of three or four isolates of each of five 
species of Phytophthora were placed in plastic cups in the laboratory and covered with 
1.5% non-sterile soil extract solution (SES) for 29 days.  Zoospore presence in the 
solution was monitored at 2- or 3-day intervals with a baiting bioassay that used 





(days) Mean (value) 
1 Pcin 20912 3 100.00 
1 Pcin 20912 5 100.00 
1 Pcin 20912 7 34.58 
1 Pcin 20912 9 37.42 
1 Pcin 20912 11 35.86 
1 Pcin 20912 13 59.22 
1 Pcin 20912 15 22.56 
1 Pcin 20912 17 38.06 
1 Pcin 20912 19 56.28 
1 Pcin 20912 21 54.89 
1 Pcin 20912 23 59.28 
1 Pcin 20912 25 64.83 
1 Pcin 20912 27 21.11 
1 Pcin 20912 29 72.42 
1 Pcin 21054 3 100.00 
1 Pcin 21054 5 100.00 
1 Pcin 21054 7 52.28 
1 Pcin 21054 9 22.50 
1 Pcin 21054 11 13.36 
1 Pcin 21054 13 49.28 
1 Pcin 21054 15 18.33 
1 Pcin 21054 17 50.94 
1 Pcin 21054 19 37.36 
1 Pcin 21054 21 52.11 
1 Pcin 21054 23 46.50 
1 Pcin 21054 25 71.56 
1 Pcin 21054 27 45.92 
1 Pcin 21054 29 61.67 









1 Pcin 100053 5 100.00 
1 Pcin 100053 7 52.28 
1 Pcin 100053 9 71.72 
1 Pcin 100053 11 20.42 
1 Pcin 100053 13 52.86 
1 Pcin 100053 15 31.81 
1 Pcin 100053 17 63.06 
1 Pcin 100053 19 71.44 
1 Pcin 100053 21 65.42 
1 Pcin 100053 23 60.72 
1 Pcin 100053 25 66.17 
1 Pcin 100053 27 28.92 
1 Pcin 100053 29 57.50 
1 Pcitr 1103 3 100.00 
1 Pcitr 1103 5 100.00 
1 Pcitr 1103 7 98.72 
1 Pcitr 1103 9 98.08 
1 Pcitr 1103 11 96.06 
1 Pcitr 1103 13 100.00 
1 Pcitr 1103 15 98.08 
1 Pcitr 1103 17 100.00 
1 Pcitr 1103 19 100.00 
1 Pcitr 1103 21 99.36 
1 Pcitr 1103 23 95.31 
1 Pcitr 1103 25 98.72 
1 Pcitr 1103 27 94.14 
1 Pcitr 1103 29 76.08 
1 Pcitr 70248 3 100.00 
1 Pcitr 70248 5 100.00 
1 Pcitr 70248 7 94.25 
1 Pcitr 70248 9 81.00 
1 Pcitr 70248 11 93.50 
1 Pcitr 70248 13 89.44 
1 Pcitr 70248 15 58.31 
1 Pcitr 70248 17 67.86 
1 Pcitr 70248 19 69.47 
1 Pcitr 70248 21 38.11 
1 Pcitr 70248 23 27.47 









1 Pcitr 70248 27 26.08 
1 Pcitr 70248 29 6.94 
1 Pcitr 70303 3 100.00 
1 Pcitr 70303 5 100.00 
1 Pcitr 70303 7 97.44 
1 Pcitr 70303 9 90.61 
1 Pcitr 70303 11 83.56 
1 Pcitr 70303 13 73.89 
1 Pcitr 70303 15 60.69 
1 Pcitr 70303 17 80.47 
1 Pcitr 70303 19 95.42 
1 Pcitr 70303 21 98.72 
1 Pcitr 70303 23 33.72 
1 Pcitr 70303 25 9.19 
1 Pcitr 70303 27 6.42 
1 Pcitr 70303 29 1.39 
1 Pcitr 970673 3 100.00 
1 Pcitr 970673 5 100.00 
1 Pcitr 970673 7 98.72 
1 Pcitr 970673 9 100.00 
1 Pcitr 970673 11 96.17 
1 Pcitr 970673 13 97.44 
1 Pcitr 970673 15 90.72 
1 Pcitr 970673 17 99.36 
1 Pcitr 970673 19 98.72 
1 Pcitr 970673 21 99.36 
1 Pcitr 970673 23 94.78 
1 Pcitr 970673 25 99.36 
1 Pcitr 970673 27 77.42 
1 Pcitr 970673 29 13.36 
1 Pcryp 30222 3 100.00 
1 Pcryp 30222 5 100.00 
1 Pcryp 30222 7 95.42 
1 Pcryp 30222 9 80.42 
1 Pcryp 30222 11 94.25 
1 Pcryp 30222 13 97.33 
1 Pcryp 30222 15 80.64 
1 Pcryp 30222 17 72.72 









1 Pcryp 30222 21 64.03 
1 Pcryp 30222 23 58.14 
1 Pcryp 30222 25 58.25 
1 Pcryp 30222 27 47.83 
1 Pcryp 30222 29 68.08 
1 Pcryp 50491 3 100.00 
1 Pcryp 50491 5 100.00 
1 Pcryp 50491 7 90.03 
1 Pcryp 50491 9 95.42 
1 Pcryp 50491 11 92.75 
1 Pcryp 50491 13 100.00 
1 Pcryp 50491 15 82.97 
1 Pcryp 50491 17 96.69 
1 Pcryp 50491 19 79.67 
1 Pcryp 50491 21 98.72 
1 Pcryp 50491 23 79.14 
1 Pcryp 50491 25 78.97 
1 Pcryp 50491 27 55.47 
1 Pcryp 50491 29 56.06 
1 Pcryp 60989 3 100.00 
1 Pcryp 60989 5 100.00 
1 Pcryp 60989 7 93.39 
1 Pcryp 60989 9 92.75 
1 Pcryp 60989 11 90.72 
1 Pcryp 60989 13 98.08 
1 Pcryp 60989 15 92.22 
1 Pcryp 60989 17 64.61 
1 Pcryp 60989 19 61.78 
1 Pcryp 60989 21 61.94 
1 Pcryp 60989 23 42.22 
1 Pcryp 60989 25 40.83 
1 Pcryp 60989 27 39.11 
1 Pcryp 60989 29 69.89 
1 Pnic 50690 3 100.00 
1 Pnic 50690 5 100.00 
1 Pnic 50690 7 75.78 
1 Pnic 50690 9 94.14 
1 Pnic 50690 11 88.06 









1 Pnic 50690 15 95.53 
1 Pnic 50690 17 96.81 
1 Pnic 50690 19 90.31 
1 Pnic 50690 21 93.61 
1 Pnic 50690 23 92.97 
1 Pnic 50690 25 93.61 
1 Pnic 50690 27 92.86 
1 Pnic 50690 29 96.81 
1 Pnic 60496 3 100.00 
1 Pnic 60496 5 100.00 
1 Pnic 60496 7 77.06 
1 Pnic 60496 9 96.17 
1 Pnic 60496 11 56.17 
1 Pnic 60496 13 83.36 
1 Pnic 60496 15 80.53 
1 Pnic 60496 17 66.64 
1 Pnic 60496 19 82.83 
1 Pnic 60496 21 91.83 
1 Pnic 60496 23 90.19 
1 Pnic 60496 25 86.67 
1 Pnic 60496 27 96.06 
1 Pnic 60496 29 49.28 
1 Pnic 71391 3 100.00 
1 Pnic 71391 5 100.00 
1 Pnic 71391 7 69.19 
1 Pnic 71391 9 58.08 
1 Pnic 71391 11 34.31 
1 Pnic 71391 13 41.31 
1 Pnic 71391 15 32.75 
1 Pnic 71391 17 67.69 
1 Pnic 71391 19 90.94 
1 Pnic 71391 21 98.08 
1 Pnic 71391 23 96.81 
1 Pnic 71391 25 93.50 
1 Pnic 71391 27 93.50 
1 Pnic 71391 29 94.89 
1 Ppalm 20875 3 100.00 
1 Ppalm 20875 5 100.00 









1 Ppalm 20875 9 97.33 
1 Ppalm 20875 11 98.08 
1 Ppalm 20875 13 99.36 
1 Ppalm 20875 15 98.72 
1 Ppalm 20875 17 99.36 
1 Ppalm 20875 19 96.17 
1 Ppalm 20875 21 99.36 
1 Ppalm 20875 23 95.53 
1 Ppalm 20875 25 96.81 
1 Ppalm 20875 27 98.08 
1 Ppalm 20875 29 95.53 
1 Ppalm 980092 3 100.00 
1 Ppalm 980092 5 100.00 
1 Ppalm 980092 7 95.53 
1 Ppalm 980092 9 98.72 
1 Ppalm 980092 11 99.36 
1 Ppalm 980092 13 98.08 
1 Ppalm 980092 15 97.44 
1 Ppalm 980092 17 100.00 
1 Ppalm 980092 19 96.17 
1 Ppalm 980092 21 96.81 
1 Ppalm 980092 23 95.53 
1 Ppalm 980092 25 98.08 
1 Ppalm 980092 27 96.17 
1 Ppalm 980092 29 95.42 
1 Ppalm 980177 3 100.00 
1 Ppalm 980177 5 100.00 
1 Ppalm 980177 7 87.31 
1 Ppalm 980177 9 96.17 
1 Ppalm 980177 11 97.44 
1 Ppalm 980177 13 96.17 
1 Ppalm 980177 15 96.17 
1 Ppalm 980177 17 98.08 
1 Ppalm 980177 19 91.69 
1 Ppalm 980177 21 97.44 
1 Ppalm 980177 23 95.42 
1 Ppalm 980177 25 97.44 
1 Ppalm 980177 27 96.81 









2 Pcin 20912 4 89.97 
2 Pcin 20912 7 97.44 
2 Pcin 20912 10 68.56 
2 Pcin 20912 13 46.50 
2 Pcin 20912 16  
2 Pcin 20912 19 24.58 
2 Pcin 20912 22 70.28 
2 Pcin 20912 25 72.72 
2 Pcin 20912 28 31.06 
2 Pcin 21054 4 93.50 
2 Pcin 21054 7 99.36 
2 Pcin 21054 10 72.78 
2 Pcin 21054 13 30.31 
2 Pcin 21054 16  
2 Pcin 21054 19 28.81 
2 Pcin 21054 22 63.28 
2 Pcin 21054 25 64.08 
2 Pcin 21054 28 18.28 
2 Pcin 100053 4 97.44 
2 Pcin 100053 7 100.00 
2 Pcin 100053 10 85.17 
2 Pcin 100053 13 49.28 
2 Pcin 100053 16  
2 Pcin 100053 19 53.22 
2 Pcin 100053 22 74.81 
2 Pcin 100053 25 86.50 
2 Pcin 100053 28 32.39 
2 Pcitr 1103 4 100.00 
2 Pcitr 1103 7 100.00 
2 Pcitr 1103 10 100.00 
2 Pcitr 1103 13 100.00 
2 Pcitr 1103 16  
2 Pcitr 1103 19 90.28 
2 Pcitr 1103 22 100.00 
2 Pcitr 1103 25 100.00 
2 Pcitr 1103 28 99.36 
2 Pcitr 70248 4 99.36 
2 Pcitr 70248 7 100.00 









2 Pcitr 70248 13 35.64 
2 Pcitr 70248 16  
2 Pcitr 70248 19 7.75 
2 Pcitr 70248 22 7.69 
2 Pcitr 70248 25 11.28 
2 Pcitr 70248 28 0.69 
2 Pcitr 70303 4 100.00 
2 Pcitr 70303 7 100.00 
2 Pcitr 70303 10 100.00 
2 Pcitr 70303 13 91.83 
2 Pcitr 70303 16  
2 Pcitr 70303 19 29.50 
2 Pcitr 70303 22 22.28 
2 Pcitr 70303 25 13.94 
2 Pcitr 70303 28 2.08 
2 Pcitr 970673 4 100.00 
2 Pcitr 970673 7 100.00 
2 Pcitr 970673 10 100.00 
2 Pcitr 970673 13 99.36 
2 Pcitr 970673 16  
2 Pcitr 970673 19 53.11 
2 Pcitr 970673 22 82.69 
2 Pcitr 970673 25 72.22 
2 Pcitr 970673 28 61.28 
2 Pcryp 30222 4 100.00 
2 Pcryp 30222 7 100.00 
2 Pcryp 30222 10 90.56 
2 Pcryp 30222 13 47.72 
2 Pcryp 30222 16  
2 Pcryp 30222 19 22.50 
2 Pcryp 30222 22 68.67 
2 Pcryp 30222 25 82.22 
2 Pcryp 30222 28 20.47 
2 Pcryp 50491 4 100.00 
2 Pcryp 50491 7 100.00 
2 Pcryp 50491 10 100.00 
2 Pcryp 50491 13 77.17 
2 Pcryp 50491 16  









2 Pcryp 50491 22 83.44 
2 Pcryp 50491 25 78.06 
2 Pcryp 50491 28 69.56 
2 Pcryp 60989 4 100.00 
2 Pcryp 60989 7 100.00 
2 Pcryp 60989 10 97.33 
2 Pcryp 60989 13 75.67 
2 Pcryp 60989 16  
2 Pcryp 60989 19 71.22 
2 Pcryp 60989 22 69.31 
2 Pcryp 60989 25 67.75 
2 Pcryp 60989 28 31.00 
2 Pnic 50690 4 100.00 
2 Pnic 50690 7 99.36 
2 Pnic 50690 10 100.00 
2 Pnic 50690 13 96.69 
2 Pnic 50690 16  
2 Pnic 50690 19 97.33 
2 Pnic 50690 22 92.58 
2 Pnic 50690 25 99.36 
2 Pnic 50690 28 100.00 
2 Pnic 60496 4 98.08 
2 Pnic 60496 7 99.36 
2 Pnic 60496 10 97.44 
2 Pnic 60496 13 98.72 
2 Pnic 60496 16  
2 Pnic 60496 19 92.64 
2 Pnic 60496 22 100.00 
2 Pnic 60496 25 100.00 
2 Pnic 60496 28 100.00 
2 Pnic 71391 4 98.72 
2 Pnic 71391 7 99.36 
2 Pnic 71391 10 59.47 
2 Pnic 71391 13 9.78 
2 Pnic 71391 16  
2 Pnic 71391 19 2.08 
2 Pnic 71391 22 16.08 
2 Pnic 71391 25 9.14 









2 Ppalm 20875 4 99.36 
2 Ppalm 20875 7 100.00 
2 Ppalm 20875 10 96.06 
2 Ppalm 20875 13 98.08 
2 Ppalm 20875 16  
2 Ppalm 20875 19 97.97 
2 Ppalm 20875 22 99.36 
2 Ppalm 20875 25 100.00 
2 Ppalm 20875 28 100.00 
2 Ppalm 980092 4 100.00 
2 Ppalm 980092 7 100.00 
2 Ppalm 980092 10 99.36 
2 Ppalm 980092 13 99.36 
2 Ppalm 980092 16  
2 Ppalm 980092 19 100.00 
2 Ppalm 980092 22 100.00 
2 Ppalm 980092 25 100.00 
2 Ppalm 980092 28 100.00 
2 Ppalm 980177 4 100.00 
2 Ppalm 980177 7 99.36 
2 Ppalm 980177 10 100.00 
2 Ppalm 980177 13 99.36 
2 Ppalm 980177 16  
2 Ppalm 980177 19 96.69 
2 Ppalm 980177 22 100.00 
2 Ppalm 980177 25 100.00 






Mean bait colonization values for days 4 to 13 and mean zoospore densities 
(CFU/25 ml of solution) for days 4, 7, and 13 of the greenhouse experiment.  Trials were 
conducted in summer (1 and 5) and winter (2 and 3) months.  Zoospore production and 
activity were compared in two treatment solutions: Milli-Q water (1) and non-sterile soil 





solution Mean (value) 
Pcin 4 1 1 99.36 
Pcin 4 1 2 100.00 
Pcin 4 5 1 100.00 
Pcin 4 5 2 100.00 
Pcin 7 1 1 98.72 
Pcin 7 1 2 95.53 
Pcin 7 5 1 100.00 
Pcin 7 5 2 100.00 
Pcin 10 1 1 88.81 
Pcin 10 1 2 72.89 
Pcin 10 5 1 100.00 
Pcin 10 5 2 100.00 
Pcin 13 1 1 95.53 
Pcin 13 1 2 79.83 
Pcin 13 5 1 99.36 
Pcin 13 5 2 98.08 
Pcitr 4 1 1 100.00 
Pcitr 4 1 2 100.00 
Pcitr 4 5 1 100.00 
Pcitr 4 5 2 100.00 
Pcitr 7 1 1 87.67 
Pcitr 7 1 2 97.33 
Pcitr 7 5 1 100.00 
Pcitr 7 5 2 100.00 
Pcitr 10 1 1 100.00 
Pcitr 10 1 2 80.78 
Pcitr 10 5 1 100.00 
Pcitr 10 5 2 96.50 







solution Mean (value) 
Pcitr 13 1 2 69.50 
Pcitr 13 5 1 81.68 
Pcitr 13 5 2 37.61 
Pcryp 4 1 1 100.00 
Pcryp 4 1 2 100.00 
Pcryp 4 5 1 100.00 
Pcryp 4 5 2 100.00 
Pcryp 7 1 1 60.64 
Pcryp 7 1 2 70.25 
Pcryp 7 5 1 100.00 
Pcryp 7 5 2 100.00 
Pcryp 10 1 1 46.11 
Pcryp 10 1 2 31.00 
Pcryp 10 5 1 100.00 
Pcryp 10 5 2 100.00 
Pcryp 13 1 1 21.69 
Pcryp 13 1 2 11.92 
Pcryp 13 5 1 100.00 
Pcryp 13 5 2 87.62 
Pnic 4 1 1 100.00 
Pnic 4 1 2 100.00 
Pnic 4 5 1 100.00 
Pnic 4 5 2 100.00 
Pnic 7 1 1 99.36 
Pnic 7 1 2 100.00 
Pnic 7 5 1 100.00 
Pnic 7 5 2 74.50 
Pnic 10 1 1 100.00 
Pnic 10 1 2 98.72 
Pnic 10 5 1 100.00 
Pnic 10 5 2 86.97 
Pnic 13 1 1 100.00 
Pnic 13 1 2 100.00 
Pnic 13 5 1 99.32 
Pnic 13 5 2 0.00 
Ppalm 4 1 1 100.00 







solution Mean (value) 
Ppalm 4 5 1 100.00 
Ppalm 4 5 2 100.00 
Ppalm 7 1 1 95.94 
Ppalm 7 1 2 100.00 
Ppalm 7 5 1 100.00 
Ppalm 7 5 2 100.00 
Ppalm 10 1 1 93.22 
Ppalm 10 1 2 100.00 
Ppalm 10 5 1 99.32 
Ppalm 10 5 2 100.00 
Ppalm 13 1 1 99.36 
Ppalm 13 1 2 99.36 
Ppalm 13 5 1 100.00 
Ppalm 13 5 2 99.36 
Pcin 4 2 1 99.36 
Pcin 4 2 2 98.08 
Pcin 4 3 1 89.64 
Pcin 4 3 2 98.08 
Pcin 7 2 1 99.36 
Pcin 7 2 2 98.08 
Pcin 7 3 1 99.36 
Pcin 7 3 2 99.36 
Pcin 10 2 1 52.69 
Pcin 10 2 2 77.75 
Pcin 10 3 1 78.97 
Pcin 10 3 2 98.08 
Pcin 13 2 1 97.44 
Pcin 13 2 2 98.72 
Pcin 13 3 1 98.08 
Pcin 13 3 2 98.72 
Pcitr 4 2 1 100.00 
Pcitr 4 2 2 0.00 
Pcitr 4 3 1 100.00 
Pcitr 4 3 2 100.00 
Pcitr 7 2 1 100.00 
Pcitr 7 2 2 7.00 







solution Mean (value) 
Pcitr 7 3 2 99.36 
Pcitr 10 2 1 99.36 
Pcitr 10 2 2 20.94 
Pcitr 10 3 1 100.00 
Pcitr 10 3 2 58.08 
Pcitr 13 2 1 100.00 
Pcitr 13 2 2 81.17 
Pcitr 13 3 1 100.00 
Pcitr 13 3 2 51.14 
Pcryp 4 2 1 100.00 
Pcryp 4 2 2 68.06 
Pcryp 4 3 1 100.00 
Pcryp 4 3 2 100.00 
Pcryp 7 2 1 100.00 
Pcryp 7 2 2 94.67 
Pcryp 7 3 1 100.00 
Pcryp 7 3 2 100.00 
Pcryp 10 2 1 100.00 
Pcryp 10 2 2 51.14 
Pcryp 10 3 1 100.00 
Pcryp 10 3 2 98.72 
Pcryp 13 2 1 100.00 
Pcryp 13 2 2 68.44 
Pcryp 13 3 1 100.00 
Pcryp 13 3 2 99.36 
Pnic 4 2 1 98.72 
Pnic 4 2 2 99.36 
Pnic 4 3 1 80.72 
Pnic 4 3 2 66.14 
Pnic 7 2 1 98.08 
Pnic 7 2 2 98.72 
Pnic 7 3 1 42.81 
Pnic 7 3 2 18.22 
Pnic 10 2 1 11.97 
Pnic 10 2 2 21.11 
Pnic 10 3 1 89.92 







solution Mean (value) 
Pnic 13 2 1 4.86 
Pnic 13 2 2 9.78 
Pnic 13 3 1 100.00 
Pnic 13 3 2 62.11 
Ppalm 4 2 1 96.06 
Ppalm 4 2 2 98.08 
Ppalm 4 3 1 98.72 
Ppalm 4 3 2 71.44 
Ppalm 7 2 1 98.72 
Ppalm 7 2 2 77.31 
Ppalm 7 3 1 9.83 
Ppalm 7 3 2 0.69 
Ppalm 10 2 1 13.42 
Ppalm 10 2 2 9.14 
Ppalm 10 3 1 10.47 
Ppalm 10 3 2 4.86 
Ppalm 13 2 1 4.86 
Ppalm 13 2 2 21.64 
Ppalm 13 3 1 47.56 







solution No. CFU/25 ml 
Pcin 5 4 1 13.00 
Pcin 5 4 1 22.50 
Pcin 5 4 1 19.50 
Pcin 5 4 2 30.00 
Pcin 5 4 2 37.50 
Pcin 5 4 2 11.00 
Pcin 5 7 1 
 Pcin 5 7 1 
 Pcin 5 7 1 
 Pcin 5 7 2 
 Pcin 5 7 2 
 Pcin 5 7 2 







solution No. CFU/25 ml 
Pcin 5 13 1 16.00 
Pcin 5 13 1 28.00 
Pcin 5 13 2 6.00 
Pcin 5 13 2 12.50 
Pcin 5 13 2 14.00 
Pcitr 5 4 1 55.00 
Pcitr 5 4 1 55.00 
Pcitr 5 4 1 55.00 
Pcitr 5 4 2 31.00 
Pcitr 5 4 2 30.00 
Pcitr 5 4 2 31.50 
Pcitr 5 7 1 
 Pcitr 5 7 1 
 Pcitr 5 7 1 
 Pcitr 5 7 2 
 Pcitr 5 7 2 
 Pcitr 5 7 2 
 Pcitr 5 13 1 6.00 
Pcitr 5 13 1 24.00 
Pcitr 5 13 1 33.50 
Pcitr 5 13 2 12.50 
Pcitr 5 13 2 7.50 
Pcitr 5 13 2 6.50 
Pcryp 5 4 1 28.00 
Pcryp 5 4 1 25.00 
Pcryp 5 4 1 32.50 
Pcryp 5 4 2 25.00 
Pcryp 5 4 2 20.00 
Pcryp 5 4 2 18.50 
Pcryp 5 7 1 
 Pcryp 5 7 1 
 Pcryp 5 7 1 
 Pcryp 5 7 2 
 Pcryp 5 7 2 
 Pcryp 5 7 2 
 Pcryp 5 13 1 26.50 
Pcryp 5 13 1 18.00 
Pcryp 5 13 1 23.50 







solution No. CFU/25 ml 
Pcryp 5 13 2 8.00 
Pcryp 5 13 2 5.00 
Pnic 5 4 1 55.00 
Pnic 5 4 1 55.00 
Pnic 5 4 1 55.00 
Pnic 5 4 2 8.50 
Pnic 5 4 2 12.50 
Pnic 5 4 2 14.00 
Pnic 5 7 1 
 Pnic 5 7 1 
 Pnic 5 7 1 
 Pnic 5 7 2 
 Pnic 5 7 2 
 Pnic 5 7 2 
 Pnic 5 13 1 10.00 
Pnic 5 13 1 14.00 
Pnic 5 13 1 14.50 
Pnic 5 13 2 0.00 
Pnic 5 13 2 1.50 
Pnic 5 13 2 0.00 
Ppalm 5 4 1 116.00 
Ppalm 5 4 1 160.00 
Ppalm 5 4 1 145.00 
Ppalm 5 4 2 32.00 
Ppalm 5 4 2 18.50 
Ppalm 5 4 2 19.00 
Ppalm 5 7 1 
 Ppalm 5 7 1 
 Ppalm 5 7 1 
 Ppalm 5 7 2 
 Ppalm 5 7 2 
 Ppalm 5 7 2 
 Ppalm 5 13 1 111.00 
Ppalm 5 13 1 122.00 
Ppalm 5 13 1 16.50 
Ppalm 5 13 2 10.00 
Ppalm 5 13 2 14.50 
Ppalm 5 13 2 5.00 







solution No. CFU/25 ml 
Pcin 2 4 1 13.75 
Pcin 2 4 1 5.38 
Pcin 2 4 2 0.75 
Pcin 2 4 2 2.38 
Pcin 2 4 2 5.00 
Pcin 3 4 1 4.13 
Pcin 3 4 1 3.38 
Pcin 3 4 1 4.00 
Pcin 3 4 2 5.25 
Pcin 3 4 2 5.88 
Pcin 3 4 2 6.13 
Pcin 2 7 1 5.13 
Pcin 2 7 1 4.13 
Pcin 2 7 1 5.88 
Pcin 2 7 2 3.88 
Pcin 2 7 2 1.75 
Pcin 2 7 2 1.75 
Pcin 3 7 1 10.00 
Pcin 3 7 1 7.13 
Pcin 3 7 1 6.50 
Pcin 3 7 2 9.38 
Pcin 3 7 2 9.38 
Pcin 3 7 2 8.38 
Pcin 2 13 1 3.13 
Pcin 2 13 1 6.88 
Pcin 2 13 1 2.50 
Pcin 2 13 2 2.63 
Pcin 2 13 2 2.75 
Pcin 2 13 2 3.63 
Pcin 3 13 1 4.75 
Pcin 3 13 1 1.75 
Pcin 3 13 1 0.88 
Pcin 3 13 2 5.25 
Pcin 3 13 2 1.88 
Pcin 3 13 2 3.75 
Pcitr 2 4 1 13.75 
Pcitr 2 4 1 13.75 
Pcitr 2 4 1 13.75 







solution No. CFU/25 ml 
Pcitr 2 4 2 1.75 
Pcitr 2 4 2 0.75 
Pcitr 3 4 1 13.75 
Pcitr 3 4 1 16.00 
Pcitr 3 4 1 13.75 
Pcitr 3 4 2 13.75 
Pcitr 3 4 2 13.75 
Pcitr 3 4 2 13.75 
Pcitr 2 7 1 13.75 
Pcitr 2 7 1 13.75 
Pcitr 2 7 1 13.75 
Pcitr 2 7 2 8.25 
Pcitr 2 7 2 13.75 
Pcitr 2 7 2 7.63 
Pcitr 3 7 1 13.75 
Pcitr 3 7 1 13.75 
Pcitr 3 7 1 13.75 
Pcitr 3 7 2 13.75 
Pcitr 3 7 2 13.75 
Pcitr 3 7 2 13.75 
Pcitr 2 13 1 13.75 
Pcitr 2 13 1 13.75 
Pcitr 2 13 1 12.75 
Pcitr 2 13 2 9.38 
Pcitr 2 13 2 13.75 
Pcitr 2 13 2 14.75 
Pcitr 3 13 1 13.75 
Pcitr 3 13 1 13.75 
Pcitr 3 13 1 13.75 
Pcitr 3 13 2 16.88 
Pcitr 3 13 2 6.25 
Pcitr 3 13 2 5.88 
Pcryp 2 4 1 13.75 
Pcryp 2 4 1 13.75 
Pcryp 2 4 1 13.75 
Pcryp 2 4 2 13.75 
Pcryp 2 4 2 13.75 
Pcryp 2 4 2 3.00 







solution No. CFU/25 ml 
Pcryp 3 4 1 13.75 
Pcryp 3 4 1 13.75 
Pcryp 3 4 2 13.75 
Pcryp 3 4 2 13.75 
Pcryp 3 4 2 13.75 
Pcryp 2 7 1 13.75 
Pcryp 2 7 1 13.75 
Pcryp 2 7 1 13.75 
Pcryp 2 7 2 13.75 
Pcryp 2 7 2 13.75 
Pcryp 2 7 2 4.13 
Pcryp 3 7 1 13.75 
Pcryp 3 7 1 13.75 
Pcryp 3 7 1 13.75 
Pcryp 3 7 2 13.75 
Pcryp 3 7 2 13.75 
Pcryp 3 7 2 13.75 
Pcryp 2 13 1 13.75 
Pcryp 2 13 1 13.75 
Pcryp 2 13 1 13.75 
Pcryp 2 13 2 11.25 
Pcryp 2 13 2 9.50 
Pcryp 2 13 2 9.13 
Pcryp 3 13 1 13.75 
Pcryp 3 13 1 13.75 
Pcryp 3 13 1 13.75 
Pcryp 3 13 2 13.75 
Pcryp 3 13 2 17.50 
Pcryp 3 13 2 13.75 
Pnic 2 4 1 2.13 
Pnic 2 4 1 3.88 
Pnic 2 4 1 2.25 
Pnic 2 4 2 4.00 
Pnic 2 4 2 13.75 
Pnic 2 4 2 13.75 
Pnic 3 4 1 7.25 
Pnic 3 4 1 8.00 
Pnic 3 4 1 5.38 







solution No. CFU/25 ml 
Pnic 3 4 2 11.00 
Pnic 3 4 2 12.63 
Pnic 2 7 1 3.75 
Pnic 2 7 1 2.63 
Pnic 2 7 1 5.63 
Pnic 2 7 2 8.25 
Pnic 2 7 2 6.63 
Pnic 2 7 2 8.00 
Pnic 3 7 1 3.88 
Pnic 3 7 1 8.00 
Pnic 3 7 1 6.88 
Pnic 3 7 2 12.38 
Pnic 3 7 2 9.75 
Pnic 3 7 2 7.00 
Pnic 2 13 1 0.13 
Pnic 2 13 1 4.88 
Pnic 2 13 1 0.25 
Pnic 2 13 2 1.63 
Pnic 2 13 2 2.88 
Pnic 2 13 2 3.50 
Pnic 3 13 1 9.13 
Pnic 3 13 1 13.50 
Pnic 3 13 1 10.25 
Pnic 3 13 2 2.00 
Pnic 3 13 2 4.50 
Pnic 3 13 2 2.38 
Ppalm 2 4 1 3.63 
Ppalm 2 4 1 10.88 
Ppalm 2 4 1 4.00 
Ppalm 2 4 2 3.88 
Ppalm 2 4 2 2.13 
Ppalm 2 4 2 5.50 
Ppalm 3 4 1 2.25 
Ppalm 3 4 1 3.38 
Ppalm 3 4 1 6.00 
Ppalm 3 4 2 1.38 
Ppalm 3 4 2 2.13 
Ppalm 3 4 2 1.38 







solution No. CFU/25 ml 
Ppalm 2 7 1 10.88 
Ppalm 2 7 1 8.38 
Ppalm 2 7 2 2.38 
Ppalm 2 7 2 5.00 
Ppalm 2 7 2 1.38 
Ppalm 3 7 1 0.25 
Ppalm 3 7 1 0.75 
Ppalm 3 7 1 0.75 
Ppalm 3 7 2 0.25 
Ppalm 3 7 2 1.63 
Ppalm 3 7 2 0.63 
Ppalm 2 13 1 0.13 
Ppalm 2 13 1 0.38 
Ppalm 2 13 1 0.38 
Ppalm 2 13 2 0.63 
Ppalm 2 13 2 0.13 
Ppalm 2 13 2 0.00 
Ppalm 3 13 1 0.13 
Ppalm 3 13 1 0.25 
Ppalm 3 13 1 0.38 
Ppalm 3 13 2 0.25 
Ppalm 3 13 2 0.00 






Mean bait colonization values for days 4 to 28 and mean zoospore densities 
(CFUs/25 ml of solution) for days 7, 13, 19, and 25 during trials with four wetland plants.  
The baiting bioassay and filtration of aqueous solution were conducted to monitor the 






time (days) Mean (value) Mean % bait 
Canna flaccida Nppcin 4 100.00 100.00 
 
Nppcin 7 100.00 100.00 
 
Nppcin 10 100.00 100.00 
 
Nppcin 13 100.00 100.00 
 
Nppcin 16 99.04 100.00 
 
Nppcin 19 98.85 100.00 
 
Nppcin 22 100.00 100.00 
 
Nppcin 25 100.00 100.00 
 
Nppcin 28 98.85 100.00 
 
Nppcitr 4 100.00 100.00 
 
Nppcitr 7 100.00 100.00 
 
Nppcitr 10 30.63 100.00 
 
Nppcitr 13 10.42 100.00 
 
Nppcitr 16 6.34 33.33 
 
Nppcitr 19 100.00 100.00 
 
Nppcitr 22 100.00 100.00 
 
Nppcitr 25 100.00 100.00 
 
Nppcitr 28 57.54 83.33 
 
Nppcryp 4 100.00 100.00 
 
Nppcryp 7 100.00 100.00 
 
Nppcryp 10 100.00 100.00 
 
Nppcryp 13 100.00 100.00 
 
Nppcryp 16 100.00 100.00 
 
Nppcryp 19 100.00 100.00 
 
Nppcryp 22 100.00 100.00 
 
Nppcryp 25 100.00 100.00 
 
Nppcryp 28 100.00 100.00 
 
Nppnic 4 100.00 100.00 
 
Nppnic 7 94.25 100.00 
 
Nppnic 10 45.21 100.00 
 







time (days) Mean (value) Mean % bait 
 
Nppnic 16 16.92 66.67 
 
Nppnic 19 100.00 100.00 
 
Nppnic 22 100.00 100.00 
 
Nppnic 25 100.00 100.00 
 
Nppnic 28 48.49 100.00 
 
Npppalm 4 100.00 100.00 
 
Npppalm 7 100.00 100.00 
 
Npppalm 10 99.04 100.00 
 
Npppalm 13 100.00 100.00 
 
Npppalm 16 100.00 100.00 
 
Npppalm 19 100.00 100.00 
 
Npppalm 22 100.00 100.00 
 
Npppalm 25 100.00 100.00 
 
Npppalm 28 100.00 100.00 
 
NT 4 0.00 0.00 
 
NT 7 0.00 0.00 
 
NT 10 0.00 0.00 
 
NT 13 0.00 0.00 
 
NT 16 0.00 0.00 
 
NT 19 0.00 0.00 
 
NT 22 0.00 0.00 
 
NT 25 0.00 0.00 
 
NT 28 0.00 0.00 
 
Pcin 4 79.87 75.00 
 
Pcin 7 50.16 97.22 
 
Pcin 10 65.90 100.00 
 
Pcin 13 49.79 97.22 
 
Pcin 16 60.20 86.11 
 
Pcin 19 86.40 96.67 
 
Pcin 22 96.42 100.00 
 
Pcin 25 93.42 100.00 
 
Pcin 28 66.46 84.72 
 
Pcitr 4 14.19 34.72 
 
Pcitr 7 0.00 0.00 
 
Pcitr 10 3.13 34.72 
 
Pcitr 13 0.35 5.56 
 
Pcitr 16 2.09 18.06 
 
Pcitr 19 25.46 29.17 
 







time (days) Mean (value) Mean % bait 
 
Pcitr 25 29.17 29.17 
 
Pcitr 28 2.35 18.75 
 
Pcryp 4 4.50 18.06 
 
Pcryp 7 0.69 5.56 
 
Pcryp 10 0.00 0.00 
 
Pcryp 13 0.00 0.00 
 
Pcryp 16 0.54 1.39 
 
Pcryp 19 4.88 9.22 
 
Pcryp 22 1.67 3.33 
 
Pcryp 25 0.54 1.39 
 
Pcryp 28 0.21 1.67 
 
Pnic 4 0.00 1.39 
 
Pnic 7 0.00 0.00 
 
Pnic 10 0.00 0.00 
 
Pnic 13 0.00 0.00 
 
Pnic 16 0.00 2.08 
 
Pnic 19 0.00 0.00 
 
Pnic 22 0.44 10.42 
 
Pnic 25 0.54 1.39 
 
Pnic 28 0.00 0.00 
 
Ppalm 4 0.52 8.33 
 
Ppalm 7 0.35 2.78 
 
Ppalm 10 0.00 0.00 
 
Ppalm 13 0.00 2.78 
 
Ppalm 16 2.09 5.56 
 
Ppalm 19 1.14 4.86 
 
Ppalm 22 0.00 6.94 
 
Ppalm 25 0.00 0.00 
 
Ppalm 28 2.46 1.39 
Juncus effusus Nppcin 4 100.00 100.00 
 
Nppcin 7 100.00 100.00 
 
Nppcin 10 100.00 100.00 
 
Nppcin 13 100.00 100.00 
 
Nppcin 16 98.08 100.00 
 
Nppcin 19 100.00 100.00 
 
Nppcin 22 100.00 100.00 
 
Nppcin 25 100.00 100.00 
 
Nppcin 28 100.00 100.00 
 







time (days) Mean (value) Mean % bait 
 
Nppcitr 7 98.08 100.00 
 
Nppcitr 10 25.17 100.00 
 
Nppcitr 13 48.42 66.67 
 
Nppcitr 16 100.00 100.00 
 
Nppcitr 19 100.00 100.00 
 
Nppcitr 22 100.00 100.00 
 
Nppcitr 25 0.00 0.00 
 
Nppcitr 28 0.00 0.00 
 
Nppcryp 4 100.00 100.00 
 
Nppcryp 7 100.00 100.00 
 
Nppcryp 10 100.00 100.00 
 
Nppcryp 13 100.00 100.00 
 
Nppcryp 16 100.00 100.00 
 
Nppcryp 19 100.00 100.00 
 
Nppcryp 22 100.00 100.00 
 
Nppcryp 25 100.00 100.00 
 
Nppcryp 28 100.00 100.00 
 
Nppnic 4 100.00 100.00 
 
Nppnic 7 38.17 100.00 
 
Nppnic 10 12.50 100.00 
 
Nppnic 13 48.42 66.67 
 
Nppnic 16 100.00 100.00 
 
Nppnic 19 100.00 100.00 
 
Nppnic 22 100.00 100.00 
 
Nppnic 25 16.67 0.00 
 
Nppnic 28 100.00 
 
 
Npppalm 4 100.00 100.00 
 
Npppalm 7 100.00 100.00 
 
Npppalm 10 100.00 100.00 
 
Npppalm 13 100.00 100.00 
 
Npppalm 16 100.00 100.00 
 
Npppalm 19 100.00 100.00 
 
Npppalm 22 100.00 100.00 
 
Npppalm 25 100.00 100.00 
 
Npppalm 28 100.00 100.00 
 
NT 4 0.00 0.00 
 
NT 7 0.00 0.00 
 
NT 10 0.00 0.00 
 







time (days) Mean (value) Mean % bait 
 
NT 16 0.00 0.00 
 
NT 19 0.00 0.00 
 
NT 22 0.00 0.00 
 
NT 25 0.00 0.00 
 
NT 28 0.00 0.00 
 
Pcin 4 100.00 100.00 
 
Pcin 7 58.44 71.30 
 
Pcin 10 52.66 74.07 
 
Pcin 13 47.83 58.33 
 
Pcin 16 68.55 80.56 
 
Pcin 19 59.21 76.85 
 
Pcin 22 45.36 52.41 
 
Pcin 25 21.82 35.00 
 
Pcin 28 7.08 38.61 
 
Pcitr 4 99.07 100.00 
 
Pcitr 7 57.99 88.89 
 
Pcitr 10 50.32 64.81 
 
Pcitr 13 30.15 45.19 
 
Pcitr 16 65.88 79.63 
 
Pcitr 19 71.39 77.31 
 
Pcitr 22 44.67 66.20 
 
Pcitr 25 4.06 22.22 
 
Pcitr 28 0.21 11.67 
 
Pcryp 4 92.38 92.59 
 
Pcryp 7 86.45 93.52 
 
Pcryp 10 94.34 94.44 
 
Pcryp 13 74.00 79.63 
 
Pcryp 16 73.20 74.26 
 
Pcryp 19 78.92 80.00 
 
Pcryp 22 67.39 69.44 
 
Pcryp 25 61.47 62.04 
 
Pcryp 28 38.95 41.67 
 
Pnic 4 93.76 100.00 
 
Pnic 7 65.84 92.22 
 
Pnic 10 41.06 54.63 
 
Pnic 13 30.15 35.00 
 
Pnic 16 48.04 60.19 
 
Pnic 19 46.42 62.04 
 







time (days) Mean (value) Mean % bait 
 
Pnic 25 15.40 29.86 
 
Pnic 28 8.79 16.67 
 
Ppalm 4 95.77 94.44 
 
Ppalm 7 89.33 99.07 
 
Ppalm 10 74.84 88.89 
 
Ppalm 13 51.23 65.74 
 
Ppalm 16 59.52 71.30 
 
Ppalm 19 51.76 63.89 
 
Ppalm 22 61.14 70.56 
 
Ppalm 25 36.77 43.33 
 
Ppalm 28 33.10 45.00 
Sagittaria latifolia Nppcin 4 100.00 100.00 
 
Nppcin 7 100.00 100.00 
 
Nppcin 10 99.04 100.00 
 
Nppcin 13 100.00 100.00 
 
Nppcin 16 100.00 100.00 
 
Nppcin 19 99.04 100.00 
 
Nppcin 22 0.00 0.00 
 
Nppcin 25 64.75 83.33 
 
Nppcin 28 50.00 50.00 
 
Nppcitr 4 100.00 100.00 
 
Nppcitr 7 100.00 100.00 
 
Nppcitr 10 58.42 100.00 
 
Nppcitr 13 15.79 100.00 
 
Nppcitr 16 100.00 100.00 
 
Nppcitr 19 100.00 100.00 
 
Nppcitr 22 0.00 0.00 
 
Nppcitr 25 49.04 0.00 
 
Nppcitr 28 0.00 0.00 
 
Nppcryp 4 100.00 100.00 
 
Nppcryp 7 100.00 100.00 
 
Nppcryp 10 100.00 100.00 
 
Nppcryp 13 100.00 100.00 
 
Nppcryp 16 100.00 100.00 
 
Nppcryp 19 100.00 100.00 
 
Nppcryp 22 100.00 100.00 
 
Nppcryp 25 100.00 100.00 
 
Nppcryp 28 100.00 100.00 
 







time (days) Mean (value) Mean % bait 
 
Nppnic 7 100.00 100.00 
 
Nppnic 10 65.80 100.00 
 
Nppnic 13 27.67 100.00 
 
Nppnic 16 100.00 100.00 
 
Nppnic 19 100.00 100.00 
 
Nppnic 22 71.33 100.00 
 
Nppnic 25 2.50 40.00 
 
Nppnic 28 7.39 48.33 
 
Npppalm 4 100.00 100.00 
 
Npppalm 7 100.00 100.00 
 
Npppalm 10 100.00 100.00 
 
Npppalm 13 100.00 100.00 
 
Npppalm 16 100.00 100.00 
 
Npppalm 19 96.00 100.00 
 
Npppalm 22 85.42 100.00 
 
Npppalm 25 49.04 50.00 
 
Npppalm 28 50.00 50.00 
 
NT 4 0.00 0.00 
 
NT 7 0.00 0.00 
 
NT 10 0.00 0.00 
 
NT 13 0.00 0.00 
 
NT 16 0.00 0.00 
 
NT 19 0.00 0.00 
 
NT 22 0.00 0.00 
 
NT 25 0.00 0.00 
 
NT 28 0.00 0.00 
 
Pcin 4 98.68 100.00 
 
Pcin 7 68.37 87.50 
 
Pcin 10 42.26 83.19 
 
Pcin 13 65.88 93.06 
 
Pcin 16 51.50 81.11 
 
Pcin 19 64.67 76.94 
 
Pcin 22 0.00 0.00 
 
Pcin 25 24.54 38.75 
 
Pcin 28 34.29 50.00 
 
Pcitr 4 98.28 100.00 
 
Pcitr 7 34.25 68.28 
 
Pcitr 10 5.63 34.58 
 







time (days) Mean (value) Mean % bait 
 
Pcitr 16 27.85 47.78 
 
Pcitr 19 47.35 78.61 
 
Pcitr 22 0.35 2.78 
 
Pcitr 25 16.71 30.00 
 
Pcitr 28 22.50 41.67 
 
Pcryp 4 98.67 100.00 
 
Pcryp 7 100.00 100.00 
 
Pcryp 10 88.47 100.00 
 
Pcryp 13 94.84 100.00 
 
Pcryp 16 100.00 100.00 
 
Pcryp 19 98.00 100.00 
 
Pcryp 22 98.99 100.00 
 
Pcryp 25 99.81 100.00 
 
Pcryp 28 88.82 91.67 
 
Pnic 4 96.00 100.00 
 
Pnic 7 20.43 73.22 
 
Pnic 10 11.25 59.67 
 
Pnic 13 16.83 37.61 
 
Pnic 16 13.97 43.06 
 
Pnic 19 36.34 56.94 
 
Pnic 22 0.00 0.00 
 
Pnic 25 8.82 27.78 
 
Pnic 28 8.07 27.78 
 
Ppalm 4 98.22 100.00 
 
Ppalm 7 96.76 100.00 
 
Ppalm 10 72.57 85.00 
 
Ppalm 13 83.99 100.00 
 
Ppalm 16 88.31 100.00 
 
Ppalm 19 70.84 88.89 
 
Ppalm 22 18.92 27.78 
 
Ppalm 25 12.14 46.94 
 
Ppalm 28 60.28 38.89 
Typha latifolia Nppcin 4 100.00 100.00 
 
Nppcin 7 100.00 100.00 
 
Nppcin 10 37.50 66.67 
 
Nppcin 13 0.00 50.00 
 
Nppcin 16 8.50 66.67 
 
Nppcin 19 100.00 100.00 
 







time (days) Mean (value) Mean % bait 
 
Nppcin 25 0.00 0.00 
 
Nppcin 28 0.00 0.00 
 
Nppcitr 4 100.00 100.00 
 
Nppcitr 7 100.00 100.00 
 
Nppcitr 10 31.42 100.00 
 
Nppcitr 13 38.17 100.00 
 
Nppcitr 16 100.00 100.00 
 
Nppcitr 19 100.00 100.00 
 
Nppcitr 22 2.08 16.67 
 
Nppcitr 25 0.00 0.00 
 
Nppcitr 28 0.00 0.00 
 
Nppcryp 4 100.00 100.00 
 
Nppcryp 7 100.00 100.00 
 
Nppcryp 10 100.00 100.00 
 
Nppcryp 13 100.00 100.00 
 
Nppcryp 16 100.00 100.00 
 
Nppcryp 19 100.00 100.00 
 
Nppcryp 22 100.00 100.00 
 
Nppcryp 25 100.00 100.00 
 
Nppcryp 28 100.00 100.00 
 
Nppnic 4 100.00 100.00 
 
Nppnic 7 100.00 100.00 
 
Nppnic 10 100.00 100.00 
 
Nppnic 13 100.00 100.00 
 
Nppnic 16 100.00 100.00 
 
Nppnic 19 100.00 100.00 
 
Nppnic 22 95.40 100.00 
 
Nppnic 25 0.00 50.00 
 
Nppnic 28 0.00 0.00 
 
Npppalm 4 100.00 100.00 
 
Npppalm 7 100.00 100.00 
 
Npppalm 10 100.00 100.00 
 
Npppalm 13 100.00 100.00 
 
Npppalm 16 21.17 100.00 
 
Npppalm 19 100.00 100.00 
 
Npppalm 22 4.17 33.33 
 
Npppalm 25 0.00 0.00 
 
Npppalm 28 0.00 0.00 
 







time (days) Mean (value) Mean % bait 
 
NT 7 0.00 0.00 
 
NT 10 0.00 0.00 
 
NT 13 0.00 0.00 
 
NT 16 0.00 0.00 
 
NT 19 0.00 0.00 
 
NT 22 0.00 0.00 
 
NT 25 0.00 0.00 
 
NT 28 0.00 0.00 
 
Pcin 4 95.98 100.00 
 
Pcin 7 78.72 100.00 
 
Pcin 10 43.76 83.33 
 
Pcin 13 40.24 97.22 
 
Pcin 16 1.04 8.33 
 
Pcin 19 39.31 91.67 
 
Pcin 22 0.00 5.56 
 
Pcin 25 0.42 3.33 
 
Pcin 28 0.00 0.00 
 
Pcitr 4 98.40 100.00 
 
Pcitr 7 71.55 100.00 
 
Pcitr 10 8.10 72.22 
 
Pcitr 13 1.39 27.78 
 
Pcitr 16 2.78 25.00 
 
Pcitr 19 63.53 88.89 
 
Pcitr 22 0.00 0.00 
 
Pcitr 25 0.00 0.00 
 
Pcitr 28 0.00 0.00 
 
Pcryp 4 100.00 100.00 
 
Pcryp 7 100.00 100.00 
 
Pcryp 10 91.54 100.00 
 
Pcryp 13 80.00 83.33 
 
Pcryp 16 80.00 80.00 
 
Pcryp 19 80.00 80.00 
 
Pcryp 22 86.35 96.67 
 
Pcryp 25 70.93 93.33 
 
Pcryp 28 60.07 73.33 
 
Pnic 4 95.85 100.00 
 
Pnic 7 72.91 100.00 
 
Pnic 10 21.51 72.22 
 







time (days) Mean (value) Mean % bait 
 
Pnic 16 25.19 52.78 
 
Pnic 19 15.50 63.89 
 
Pnic 22 7.07 28.00 
 
Pnic 25 0.35 5.56 
 
Pnic 28 0.00 0.00 
 
Ppalm 4 98.40 100.00 
 
Ppalm 7 98.85 100.00 
 
Ppalm 10 47.32 94.44 
 
Ppalm 13 72.13 88.89 
 
Ppalm 16 32.81 55.56 
 
Ppalm 19 55.32 61.11 
 
Ppalm 22 8.07 22.22 
 
Ppalm 25 0.00 5.56 
 
Ppalm 28 5.45 16.11 
a The five species of Phytophthora used in this study are abbreviated Pcin, Pcitr, Pcryp, 
Pnic, and Ppalm.  Control containers that did not have plants are abbreviated Np 
followed by the inocula that was present in that container.  NT stands for containers 






(days) Mean CFU/25 ml 
Canna flaccida Nppcin 7 10.00 
 
Nppcin 13 11.75 
 
Nppcin 19 33.75 
 
Nppcin 25 5.25 
 
Nppcitr 7 11.00 
 
Nppcitr 13 2.50 
 
Nppcitr 19 41.75 
 
Nppcitr 25 1.00 
 
Nppcryp 7 30.25 
 
Nppcryp 13 31.25 
 
Nppcryp 19 40.75 
 
Nppcryp 25 33.00 
 
Nppnic 7 4.50 
 
Nppnic 13 1.50 
 
Nppnic 19 9.00 
 







(days) Mean CFU/25 ml 
 
Npppalm 7 42.75 
 
Npppalm 13 56.50 
 
Npppalm 19 126.00 
 
Npppalm 25 4.50 
 
NT 7 0.00 
 
NT 13 0.00 
 
NT 19 0.00 
 
NT 25 0.00 
 
Pcin 7 4.06 
 
Pcin 13 4.22 
 
Pcin 19 6.17 
 
Pcin 25 2.00 
 
Pcitr 7 6.69 
 
Pcitr 13 5.19 
 
Pcitr 19 7.06 
 
Pcitr 25 4.56 
 
Pcryp 7 1.68 
 
Pcryp 13 1.41 
 
Pcryp 19 1.73 
 
Pcryp 25 3.18 
 
Pnic 7 1.85 
 
Pnic 13 3.70 
 
Pnic 19 3.55 
 
Pnic 25 3.70 
 
Ppalm 7 3.10 
 
Ppalm 13 4.60 
 
Ppalm 19 5.25 
 
Ppalm 25 7.55 
Juncus effusus Nppcin 7 12.50 
 
Nppcin 19 19.00 
 
Nppcin 25 6.50 
 
Nppcitr 7 10.50 
 
Nppcitr 19 46.00 
 
Nppcitr 25 0.50 
 
Nppcryp 7 19.50 
 
Nppcryp 19 55.00 
 
Nppcryp 25 45.50 
 
Nppnic 7 3.50 
 







(days) Mean CFU/25 ml 
 
Nppnic 25 2.50 
 
Npppalm 7 0.00 
 
Npppalm 19 35.00 
 
Npppalm 25 28.50 
 
NT 7 0.00 
 
NT 13 0.00 
 
NT 19 0.00 
 
NT 25 0.00 
 
Pcin 7 13.85 
 
Pcin 13 13.92 
 
Pcin 19 3.79 
 
Pcin 25 0.73 
 
Pcitr 7 11.21 
 
Pcitr 13 11.41 
 
Pcitr 19 18.83 
 
Pcitr 25 2.05 
 
Pcryp 7 27.72 
 
Pcryp 13 47.17 
 
Pcryp 19 13.42 
 
Pcryp 25 6.96 
 
Pnic 7 9.18 
 
Pnic 13 12.33 
 
Pnic 19 2.77 
 
Pnic 25 1.42 
 
Ppalm 7 18.00 
 
Ppalm 13 29.17 
 
Ppalm 19 7.88 
 
Ppalm 25 6.45 
Sagittaria latifolia Nppcin 7 18.75 
 
Nppcin 13 12.50 
 
Nppcin 19 1.75 
 
Nppcin 25 2.00 
 
Nppcitr 7 29.25 
 
Nppcitr 13 3.25 
 
Nppcitr 19 2.50 
 
Nppcitr 25 0.00 
 
Nppcryp 7 32.25 
 
Nppcryp 13 27.25 
 







(days) Mean CFU/25 ml 
 
Nppcryp 25 15.50 
 
Nppnic 7 29.75 
 
Nppnic 13 1.75 
 
Nppnic 19 5.50 
 
Nppnic 25 0.50 
 
Npppalm 7 72.25 
 
Npppalm 13 83.75 
 
Npppalm 19 3.50 
 
Npppalm 25 10.50 
 
NT 7 0.00 
 
NT 13 0.00 
 
NT 19 0.00 
 
NT 25 0.00 
 
Pcin 7 2.79 
 
Pcin 13 5.83 
 
Pcin 19 1.05 
 
Pcin 25 2.45 
 
Pcitr 7 1.79 
 
Pcitr 13 0.71 
 
Pcitr 19 4.40 
 
Pcitr 25 0.17 
 
Pcryp 7 16.08 
 
Pcryp 13 10.38 
 
Pcryp 19 13.45 
 
Pcryp 25 9.79 
 
Pnic 7 3.18 
 
Pnic 13 0.14 
 
Pnic 19 1.28 
 
Pnic 25 0.33 
 
Ppalm 7 9.86 
 
Ppalm 13 9.50 
 
Ppalm 19 15.61 
 
Ppalm 25 0.36 
Typha latifolia NPpcin 7 13.50 
 
NPpcin 13 4.00 
 
NPpcin 19 18.50 
 
NPpcitr 7 18.50 
 
NPpcitr 13 2.00 
 







(days) Mean CFU/25 ml 
 
NPpcryp 7 55.00 
 
NPpcryp 13 14.50 
 
NPpcryp 19 14.50 
 
Nppnic 7 50.00 
 
Nppnic 13 6.00 
 
Nppnic 19 20.00 
 
Npppalm 7 83.50 
 
Npppalm 13 8.50 
 
Npppalm 19 49.00 
 
NT 7 0.00 
 
NT 13 0.00 
 
NT 19 0.00 
 
Pcin 7 6.17 
 
Pcin 13 4.08 
 
Pcin 19 7.33 
 
Pcitr 7 1.17 
 
Pcitr 13 1.08 
 
Pcitr 19 12.67 
 
Pcryp 7 11.00 
 
Pcryp 13 10.70 
 
Pcryp 19 12.40 
 
Pnic 7 3.25 
 
Pnic 13 0.58 
 
Pnic 19 3.33 
 
Ppalm 7 5.67 
 
Ppalm 13 1.00 
 
Ppalm 19 2.67 
a The five species of Phytophthora used in this study are abbreviated Pcin, Pcitr, Pcryp, 
Pnic, and Ppalm.  Control containers that did not have plants are abbreviated Np 
followed by the inocula that was present in that container.  NT stands for containers 





Plant weights, root lengths, and shoot heights before and after 28 days of 
exposure to zoospores of five species of Phytophthora.  Statistical analysis of the total wet 
weight before (1) and after (2) exposure to zoospores of a species of Phytophthora 
indicated that weights before and after were not significantly different.  Weights of 




























































































































































































1 2 1 No trt 85.39 15.96 69.43 35.56 44.45 
 
1 2 2 No trt 92.15 19.95 72.2 30.48 55.88 
 
1 2 3 No trt 35.26 7.86 27.4 25.4 35.56 
 
1 2 4 No trt 120.78 16.74 104.04 22.86 60.96 
 
1 2 5 No trt 85.88 16.02 69.86 20.32 35.56 
 
1 2 6 No trt 76.09 13.8 62.29 30.48 55.88 
 
1 2 7 Pcin 103.03 11.64 91.39 24.13 58.42 
 
1 2 8 Pcin 27.9 6.1 21.8 16.51 45.72 
 
1 2 9 Pcin 81.88 15.99 65.89 17.78 53.34 
 
1 2 10 Pcin 33.23 7.83 25.4 15.24 49.53 
 
1 2 11 Pcin 39.1 9.06 30.04 17.78 48.26 
 
1 2 12 Pcin 41.9 9.45 32.45 19.05 35.56 
 
1 2 13 Pcitr 39.81 6.86 32.95 20.32 46.99 
 
1 2 14 Pcitr 90.72 20.72 70 30.48 68.58 
 
1 2 15 Pcitr 37.49 11.72 25.77 22.86 45.72 
 
1 2 16 Pcitr 90.91 12.79 78.12 19.05 38.1 
 
1 2 17 Pcitr 53.19 16.03 37.16 30.48 40.64 
 
1 2 18 Pcitr 53.93 16.16 37.77 22.86 43.18 
 
1 2 19 Pcryp 11.57 8.38 3.19 30.48 48.26 
 
1 2 20 Pcryp 35.75 6.44 29.31 22.86 40.64 
 
1 2 21 Pcryp 91.92 18.15 73.77 21.59 48.26 
 
1 2 22 Pcryp 72.34 18.14 54.2 26.67 53.34 
 
1 2 23 Pcryp 48.73 14.35 34.38 36.83 45.72 
 
1 2 24 Pcryp 44.95 5.48 39.47 29.21 48.26 
 
1 2 25 Pnic 22.46 15.24 7.22 33.02 68.58 
 
1 2 26 Pnic 102.08 22.18 79.9 38.1 48.26 
 
1 2 27 Pnic 65.66 13.82 51.84 24.13 52.07 
 
1 2 28 Pnic 22.15 5.98 16.17 33.02 35.56 
 
1 2 29 Pnic 92.64 20.36 72.28 27.94 45.72 
 
1 2 30 Pnic 44.8 14.34 30.46 35.56 33.02 
 
























1 2 32 Ppalm 44.58 9.79 34.79 26.67 38.1 
 
1 2 33 Ppalm 62.75 14.37 48.38 20.32 50.8 
 
1 2 34 Ppalm 42.67 5.83 36.84 17.78 39.37 
 
1 2 35 Ppalm 50.97 11.59 39.38 30.48 46.99 
 
1 2 36 Ppalm 99.58 26.02 73.56 30.48 53.34 
 






































































































































































2 2 1 No trt 36.14 5.72 30.42 21.59 40.64 
 
2 2 2 No trt 68.37 7.65 60.72 25.4 48.26 
 
2 2 3 No trt 
     
 
2 2 4 No trt 59.44 16.68 42.76 27.94 25.4 
 
2 2 5 No trt 58.55 9.72 48.83 35.56 33.02 
 
2 2 6 No trt 70.83 10.82 60.01 35.56 27.94 
 
2 2 7 Pcin 
     
 
2 2 8 Pcin 47.8 8.76 39.04 26.67 39.37 
 
2 2 9 Pcin 
     
 
2 2 10 Pcin 
     
 
2 2 11 Pcin 42.02 9.31 32.71 25.4 36.83 
 
2 2 12 Pcin 45.1 10.49 34.61 35.56 22.86 
 
2 2 13 Pcitr 32.44 5.13 27.31 15.24 20.32 
 
2 2 14 Pcitr 
     
 
2 2 15 Pcitr 62.41 15.37 47.04 33.02 29.21 
 
2 2 16 Pcitr 
     
 
2 2 17 Pcitr 
     
 
2 2 18 Pcitr 
     
 
2 2 19 Pcryp 35.27 4.18 31.09 31.75 40.64 
 
2 2 20 Pcryp 43.09 8.83 34.26 35.56 43.18 
 
2 2 21 Pcryp 41.65 6.13 35.52 20.32 39.37 
 
2 2 22 Pcryp 
     
 
2 2 23 Pcryp 51.44 8.29 43.15 35.56 22.86 
 
2 2 24 Pcryp 58.41 13.15 45.26 26.67 26.67 
 
2 2 25 Pnic 50.64 8.66 41.98 30.48 35.56 
 
2 2 26 Pnic 57.74 16.24 41.5 33.02 33.02 
 
2 2 27 Pnic 
     
 
2 2 28 Pnic 
     
 
2 2 29 Pnic 57.79 9.25 48.54 22.86 38.1 
 
2 2 30 Pnic 103.81 15.64 88.17 36.83 25.4 
 
2 2 31 Ppalm 32.57 5.44 27.13 21.59 43.18 
 
2 2 32 Ppalm 
     
 
2 2 33 Ppalm 65.53 10.2 55.33 27.94 35.56 
 
2 2 34 Ppalm 
     
 
























2 2 36 Ppalm 58.03 9.91 48.12 38.1 43.18 








































































































































































1 2 2 No trt 56.21 9.71 46.5 50.8 29.845 
 
1 2 3 No trt 47.19 9.44 37.75 47.625 24.13 
 
1 2 4 No trt 50.84 10.34 40.5 44.45 30.48 
 
1 2 5 No trt 46.83 3.89 42.94 38.1 13.97 
 
1 2 6 No trt 61.3 15.24 46.06 52.07 29.21 
 
1 2 7 Pcin 47.19 1.18 46.01 30.48 22.86 
 
1 2 8 Pcin 23.88 4.82 19.06 33.655 17.78 
 
1 2 9 Pcin 37.95 3.54 34.41 29.21 32.385 
 
1 2 10 Pcin 60.47 9.07 51.4 52.07 27.94 
 
1 2 11 Pcin 52.78 5.03 47.75 37.465 26.035 
 
1 2 12 Pcin 65.93 3.53 62.4 34.29 26.035 
 
1 2 13 Pcitr 65.12 9.68 55.44 40.64 25.4 
 
1 2 14 Pcitr 64.58 10.83 53.75 47.625 26.67 
 
1 2 15 Pcitr 52.62 8.53 44.09 46.99 31.75 
 
1 2 16 Pcitr 37.64 2.63 35.01 33.02 22.86 
 
1 2 17 Pcitr 59.65 8.01 51.64 46.99 26.67 
 
1 2 18 Pcitr 64.23 11.38 52.85 40.005 26.67 
 
1 2 19 Pcryp 46.06 2.81 43.25 21.59 26.67 
 
1 2 20 Pcryp 32.04 2.62 29.42 33.02 19.05 
 
1 2 21 Pcryp 58.89 8.34 50.55 45.085 30.48 
 
1 2 22 Pcryp 64.44 13.5 50.94 46.355 25.4 
 
1 2 23 Pcryp 49.16 10.57 38.59 46.99 24.13 
 
1 2 24 Pcryp 35.78 5.78 30 38.1 19.05 
 
1 2 25 Pnic 67.23 13.02 54.21 54.61 26.67 
 
1 2 26 Pnic 56.49 5.51 50.98 40.64 27.94 
 
1 2 27 Pnic 60.76 10.8 49.96 55.88 25.4 
 
1 2 28 Pnic 42.01 4.73 37.28 29.21 19.685 
 
1 2 29 Pnic 54.12 5.55 48.57 40.64 12.065 
 
1 2 30 Pnic 52.94 5.6 47.34 39.37 17.145 
 
1 2 31 Ppalm 43.76 4.76 39 34.29 13.97 
 






1 2 33 Ppalm 
     
 
1 2 34 Ppalm 62.94 15.17 47.77 45.085 28.575 
 
1 2 35 Ppalm 58.16 7.41 50.75 40.64 22.225 
 
1 2 36 Ppalm 26.61 6.11 20.5 38.1 22.86 
 






































































































































































2 2 1 No trt 30.07 0.72 29.35 13.97 20.32 
 
2 2 2 No trt 50.09 1.5 48.59 30.48 29.21 
 
2 2 3 No trt 57.24 2.48 54.76 33.02 24.13 
 
2 2 4 No trt 
     
 
























2 2 6 No trt 
     
 
2 2 7 Pcin 32.91 0.62 32.29 10.16 15.24 
 
2 2 8 Pcin 40.16 2.48 37.68 27.94 24.13 
 
2 2 9 Pcin 29.21 0.4 28.81 7.62 15.24 
 
2 2 10 Pcin 
     
 
2 2 11 Pcin 44.57 1.6 42.97 27.305 20.32 
 
2 2 12 Pcin 31.22 2.73 28.49 30.48 17.78 
 
2 2 13 Pcitr 
     
 
2 2 14 Pcitr 48.98 7.33 41.65 33.02 20.32 
 
2 2 15 Pcitr 35.17 0.95 34.22 22.86 19.05 
 
2 2 16 Pcitr 35.52 9.34 26.18 55.88 24.13 
 
2 2 17 Pcitr 
     
 
2 2 18 Pcitr 60.38 6.08 54.3 35.56 27.94 
 
2 2 19 Pcryp 41.76 2.49 39.27 17.78 19.05 
 
2 2 20 Pcryp 34.21 7.56 26.65 38.1 20.32 
 
2 2 21 Pcryp 37.34 0.62 36.72 5.08 16.51 
 
2 2 22 Pcryp 43.09 0.12 42.97 15.24 19.685 
 
2 2 23 Pcryp 62.53 9.15 53.38 38.1 23.495 
 
2 2 24 Pcryp 40.53 1.58 38.95 27.94 20.32 
 
2 2 25 Pnic 31.32 5.14 26.18 55.88 22.86 
 
2 2 26 Pnic 57.79 9.32 48.47 46.99 27.94 
 
2 2 27 Pnic 28.31 8.81 19.5 39.37 26.67 
 
2 2 28 Pnic 37.61 0.22 37.39 7.62 11.43 
 
2 2 29 Pnic 38.65 0.92 37.73 33.02 16.51 
 
2 2 30 Pnic 46.11 1.49 44.62 16.51 19.05 
 
2 2 31 Ppalm 36.74 0.22 36.52 7.62 22.225 
 
2 2 32 Ppalm 43.07 0.8 42.27 16.51 22.86 
 
2 2 33 Ppalm 40.36 0.59 39.77 9.525 16.51 
 
2 2 34 Ppalm 51.82 2.93 48.89 33.02 25.4 
 
2 2 35 Ppalm 
     
 
2 2 36 Ppalm 64.86 11.91 52.95 53.34 22.86 
 






































































































































































3 2 1 No trt 22.85 6.5 16.35 31.75 34.29 
 
3 2 2 No trt 46.61 17.69 28.92 43.18 34.29 
 
3 2 3 No trt 17.54 3.85 13.69 40.64 26.67 
 
3 2 4 No trt 15.58 1.75 13.83 34.29 22.86 
 
3 2 5 No trt 26.6 7.43 19.17 38.1 31.75 
 
3 2 6 No trt 21.55 6.77 14.78 33.02 35.56 
 
3 2 7 Pcin 29.69 9.29 20.4 33.02 38.1 
 
3 2 8 Pcin 9.41 1.8 7.61 15.24 27.94 
 
























3 2 10 Pcin 17.18 5.84 11.34 48.26 25.4 
 
3 2 11 Pcin 25.71 11.31 14.4 38.1 33.02 
 
3 2 12 Pcin 33.41 12.86 20.55 40.64 30.48 
 
3 2 13 Pcitr 14.6 1.8 12.8 22.86 38.1 
 
3 2 14 Pcitr 27.08 9.47 17.61 52.07 34.29 
 
3 2 15 Pcitr 21.33 5.93 15.4 38.1 34.29 
 
3 2 16 Pcitr 18.16 4.16 14 25.4 26.67 
 
3 2 17 Pcitr 23.52 7.71 15.81 40.64 26.67 
 
3 2 18 Pcitr 36.4 11.26 25.14 40.64 43.18 
 
3 2 19 Pcryp 18.04 6 12.04 50.8 30.48 
 
3 2 20 Pcryp 11.41 3.16 8.25 40.64 27.94 
 
3 2 21 Pcryp 50.92 15.88 35.04 35.56 43.18 
 
3 2 22 Pcryp 80.51 20.46 60.05 41.91 53.34 
 
3 2 23 Pcryp 21.92 8.98 12.94 39.37 38.1 
 
3 2 24 Pcryp 41.34 11.14 30.2 46.99 45.72 
 
3 2 25 Pnic 50.37 14.27 36.1 38.1 44.45 
 
3 2 26 Pnic 61.38 15.21 46.17 36.83 34.29 
 
3 2 27 Pnic 17.43 6.33 11.1 38.1 27.94 
 
3 2 28 Pnic 25.14 9.87 15.27 40.64 31.75 
 
3 2 29 Pnic 43.93 10 33.93 38.1 45.72 
 
3 2 30 Pnic 30.91 8.01 22.9 31.75 30.48 
 
3 2 31 Ppalm 28.25 11.19 17.06 45.72 36.83 
 
3 2 32 Ppalm 26.56 9.9 16.66 33.02 35.56 
 
3 2 33 Ppalm 63.23 19.23 44 43.18 50.8 
 
3 2 34 Ppalm 38.14 4.82 33.32 31.75 27.94 
 
3 2 35 Ppalm 65.92 22.36 43.56 35.56 50.8 
 
3 2 36 Ppalm 65.02 17.76 47.26 43.18 48.26 






































































































































































1 2 1 No trt 6.21 2.68 3.53 29.21 5.08 
 
1 2 2 No trt 6.1 0.95 5.15 20.32 5.08 
 
1 2 3 No trt 3.15 1.15 2 26.67 6.35 
 
1 2 4 No trt 9.25 2.14 7.11 53.34 7.62 
 
1 2 5 No trt 4.91 2.3 2.61 33.02 10.16 
 
1 2 6 No trt 3.76 1.27 2.49 17.78 2.54 
 
1 2 7 Pcin 10.46 4.14 6.32 40.64 7.62 
 
1 2 8 Pcin 5.5 0.25 5.25 8.89 5.08 
 
1 2 9 Pcin 25.4 7.33 18.07 58.42 10.16 
 
1 2 10 Pcin 8.53 1.57 6.96 22.86 5.08 
 
1 2 11 Pcin 2.22 0.81 1.41 35.56 2.54 
 
1 2 12 Pcin 
     
 
























1 2 14 Pcitr 4.78 1.23 3.55 35.56 5.08 
 
1 2 15 Pcitr 5.83 2.88 2.95 45.72 7.62 
 
1 2 16 Pcitr 21.43 8.21 13.22 50.8 17.78 
 
1 2 17 Pcitr 16.14 5.32 10.82 63.5 11.43 
 
1 2 18 Pcitr 
     
 
1 2 19 Pcryp 11.77 2.77 9 43.18 11.43 
 
1 2 20 Pcryp 2.37 0.67 1.7 40.64 2.54 
 
1 2 21 Pcryp 4.38 1.99 2.39 38.1 8.255 
 
1 2 22 Pcryp 
     
 
1 2 23 Pcryp 14.28 4.37 9.91 52.07 7.62 
 
1 2 24 Pcryp 3.41 1.56 1.85 29.21 5.08 
 
1 2 25 Pnic 
     
 
1 2 26 Pnic 
     
 
1 2 27 Pnic 3.64 1.05 2.59 40.64 3.175 
 
1 2 28 Pnic 
     
 
1 2 29 Pnic 3.95 0.77 3.18 21.59 7.62 
 
1 2 30 Pnic 7.01 1.39 5.62 25.4 7.62 
 
1 2 31 Ppalm 9.92 1.68 8.24 50.8 13.97 
 
1 2 32 Ppalm 8.33 1.24 7.09 43.18 8.89 
 
1 2 33 Ppalm 4.59 2.3 2.29 35.56 2.54 
 
1 2 34 Ppalm 
     
 
1 2 35 Ppalm 3.41 2.19 1.22 27.94 5.08 
 
1 2 36 Ppalm 10.34 4.26 6.08 38.1 11.43 
 






































































































































































2 2 1 No trt 
     
 
2 2 2 No trt 
     
 
2 2 3 No trt 
     
 
2 2 4 No trt 
     
 
2 2 5 No trt 
     
 
2 2 6 No trt 
     
 
2 2 7 Pcin 
     
 
2 2 8 Pcin 13 0.57 12.43 22.86 5.08 
 
2 2 9 Pcin 
     
 
2 2 10 Pcin 
     
 
2 2 11 Pcin 31.61 0.53 31.08 20.32 12.7 
 
2 2 12 Pcin 0.25 0.04 0.21 7.62 5.08 
 
2 2 13 Pcitr 8.32 0.82 7.5 15.24 7.62 
 
2 2 14 Pcitr 
     
 
2 2 15 Pcitr 
     
 
2 2 16 Pcitr 
     
 
2 2 17 Pcitr 
























2 2 18 Pcitr 
     
 
2 2 19 Pcryp 
     
 
2 2 20 Pcryp 
     
 
2 2 21 Pcryp 
     
 
2 2 22 Pcryp 
     
 
2 2 23 Pcryp 
     
 
2 2 24 Pcryp 
     
 
2 2 25 Pnic 8.26 0.31 7.95 11.43 7.62 
 
2 2 26 Pnic 18.51 0.36 18.15 15.24 17.78 
 
2 2 27 Pnic 11.48 2.33 9.15 12.7 7.62 
 
2 2 28 Pnic 
     
 
2 2 29 Pnic 
     
 
2 2 30 Pnic 
     
 
2 2 31 Ppalm 
     
 
2 2 32 Ppalm 
     
 
2 2 33 Ppalm 
     
 
2 2 34 Ppalm 
     
 
2 2 35 Ppalm 
     
 
2 2 36 Ppalm 






































































































































































1 2 1 No trt 
     
 
1 2 2 No trt 40.45 7.5 32.95 21.59 38.1 
 
1 2 3 No trt 31.42 2.05 29.37 12.065 34.925 
 
1 2 4 No trt 33.29 10.03 23.26 55.245 43.815 
 
1 2 5 No trt 8.93 1.8 7.13 11.43 15.24 
 
1 2 6 No trt 4.35 1.59 2.76 11.43 15.24 
 
1 2 7 Pcin 44.13 9.54 34.59 36.195 21.59 
 
1 2 8 Pcin 8.93 3.79 5.14 19.685 27.94 
 
1 2 9 Pcin 46.38 11.83 34.55 23.495 41.275 
 
1 2 10 Pcin 18.98 2.69 16.29 16.51 24.13 
 
1 2 11 Pcin 35.79 3.24 32.55 27.94 34.29 
 
1 2 12 Pcin 11.41 2.12 9.29 16.51 24.13 
 
1 2 13 Pcitr 10.93 1.54 9.39 12.7 18.415 
 
1 2 14 Pcitr 44.54 5.3 39.24 44.45 31.115 
 
1 2 15 Pcitr 33.99 2.69 31.3 18.415 36.83 
 
1 2 16 Pcitr 36.28 4.37 31.91 17.145 33.02 
 
1 2 17 Pcitr 50.4 3.7 46.7 28.575 41.275 
 
1 2 18 Pcitr 18.57 3.86 14.71 33.02 34.29 
 
1 2 19 Pcryp 26.04 3.86 22.18 22.225 36.83 
 
1 2 20 Pcryp 11.84 3.31 8.53 17.78 22.86 
 
1 2 21 Pcryp 
























1 2 22 Pcryp 17.89 7.68 10.21 24.765 31.115 
 
1 2 23 Pcryp 26.86 5.58 21.28 24.13 33.655 
 
1 2 24 Pcryp 34.26 6.8 27.46 29.845 43.18 
 
1 2 25 Pnic 24.21 3.64 20.57 30.48 36.195 
 
1 2 26 Pnic 16.61 3.75 12.86 20.32 21.59 
 
1 2 27 Pnic 
     
 
1 2 28 Pnic 29.77 6.86 22.91 26.924 41.91 
 
1 2 29 Pnic 41.91 7.42 34.49 26.035 43.18 
 
1 2 30 Pnic 43.54 4.71 38.83 27.94 45.72 
 
1 2 31 Ppalm 12.63 3.7 8.93 19.05 23.495 
 
1 2 32 Ppalm 49.26 5.57 43.69 20.32 50.8 
 
1 2 33 Ppalm 39.52 5.86 33.66 34.29 40.64 
 
1 2 34 Ppalm 12.92 6.31 6.61 20.955 31.75 
 
1 2 35 Ppalm 22.14 5.99 16.15 27.94 34.29 
 
1 2 36 Ppalm 23.97 4.58 19.39 19.05 35.56 





Isolation of species of Phytophthora from water-rinsed and surface-disinfested 
roots of Canna flaccida, Juncus effusus, Sagittaria latifolia, and Typha latifolia.  Plant 
roots of each species were evaluated as infested or infected at the end of a 28 days of 
exposure to zoospores of one species of Phytophthora.  Results from isolation of 
Phytophthora spp. while experimenting with a root slurry method are reported for 
Typha latifolia and the first Sagittaria latifolia trial.  The goal of this method was to 
obtain a more representative sample for root isolation.  Roots were surface disinfested, 
rinsed with water, and blotted dry before being weighed and blended with 15 or 30 ml 
of 0.3% water agar.  After pulse blending, 0.5- and 1-ml volumes of root slurry were 
pipetted and spread on PARPH-V8 selective medium.  Plates were dried on a laboratory 
bench and placed in the dark at 25°C. 








Canna flaccida 1 1 No trt Sd 0 9 
 
2 1 No trt Sd 0 8 
 
1 2 No trt Sd 0 8 
 
2 2 No trt Sd 0 8 
 
1 3 No trt Sd 0 8 
 
2 3 No trt Sd . . 
 
1 4 No trt Sd 0 8 
 
2 4 No trt Sd 0 8 
 
1 5 No trt Sd 0 8 
 
2 5 No trt Sd 0 8 
 
1 6 No trt Sd 0 8 
 
2 6 No trt Sd 0 8 
 
1 7 Pcin Sd 2 8 
 
2 7 Pcin Sd . . 
 
1 8 Pcin Sd 0 8 
 
2 8 Pcin Sd 3 9 
 
1 9 Pcin Sd 2 8 
 
2 9 Pcin Sd . . 
 
1 10 Pcin Sd 4 8 
 
2 10 Pcin Sd . . 
 
1 11 Pcin Sd 3 8 
 
2 11 Pcin Sd 0 8 
 
1 12 Pcin Sd 3 8 
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2 12 Pcin Sd 0 8 
 
1 13 Pcitr Sd 0 8 
 
2 13 Pcitr Sd 0 8 
 
1 14 Pcitr Sd 0 8 
 
2 14 Pcitr Sd . . 
 
1 15 Pcitr Sd 0 8 
 
2 15 Pcitr Sd 0 8 
 
1 16 Pcitr Sd 0 8 
 
2 16 Pcitr Sd . . 
 
1 17 Pcitr Sd 0 8 
 
2 17 Pcitr Sd . . 
 
1 18 Pcitr Sd 0 8 
 
2 18 Pcitr Sd . . 
 
1 19 Pcryp Sd 0 8 
 
2 19 Pcryp Sd 0 8 
 
1 20 Pcryp Sd 0 9 
 
2 20 Pcryp Sd 0 8 
 
1 21 Pcryp Sd 0 8 
 
2 21 Pcryp Sd 0 8 
 
1 22 Pcryp Sd 0 8 
 
2 22 Pcryp Sd . . 
 
1 23 Pcryp Sd 0 8 
 
2 23 Pcryp Sd 0 9 
 
1 24 Pcryp Sd 0 8 
 
2 24 Pcryp Sd 0 8 
 
1 25 Pnic Sd 0 8 
 
2 25 Pnic Sd 0 8 
 
1 26 Pnic Sd 0 8 
 
2 26 Pnic Sd 0 8 
 
1 27 Pnic Sd 0 8 
 
2 27 Pnic Sd . . 
 
1 28 Pnic Sd 0 9 
 
2 28 Pnic Sd . . 
 
1 29 Pnic Sd 0 8 
 
2 29 Pnic Sd 0 9 
 
1 30 Pnic Sd 0 8 
 
2 30 Pnic Sd 0 8 
 
1 31 Ppalm Sd 0 8 
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2 31 Ppalm Sd 0 8 
 
1 32 Ppalm Sd 0 9 
 
2 32 Ppalm Sd . . 
 
1 33 Ppalm Sd 0 8 
 
2 33 Ppalm Sd 0 10 
 
1 34 Ppalm Sd 1 9 
 
2 34 Ppalm Sd . . 
 
1 35 Ppalm Sd 1 8 
 
2 35 Ppalm Sd 0 8 
 
1 36 Ppalm Sd 0 8 
 
2 36 Ppalm Sd 0 8 
 
1 1 No trt Wr 0 11 
 
2 1 No trt Wr 0 8 
 
1 2 No trt Wr 0 9 
 
2 2 No trt Wr 0 8 
 
1 3 No trt Wr 0 8 
 
2 3 No trt Wr . . 
 
1 4 No trt Wr 0 8 
 
2 4 No trt Wr 0 8 
 
1 5 No trt Wr 0 8 
 
2 5 No trt Wr 0 8 
 
1 6 No trt Wr 0 8 
 
2 6 No trt Wr 0 8 
 
1 7 Pcin Wr 1 8 
 
2 7 Pcin Wr . . 
 
1 8 Pcin Wr 0 9 
 
2 8 Pcin Wr 3 9 
 
1 9 Pcin Wr 2 8 
 
2 9 Pcin Wr . . 
 
1 10 Pcin Wr 3 8 
 
2 10 Pcin Wr . . 
 
1 11 Pcin Wr 3 8 
 
2 11 Pcin Wr 1 8 
 
1 12 Pcin Wr 1 8 
 
2 12 Pcin Wr 4 8 
 
1 13 Pcitr Wr 0 7 
 
2 13 Pcitr Wr 5 9 
 
1 14 Pcitr Wr 1 8 
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2 14 Pcitr Wr . . 
 
1 15 Pcitr Wr 0 8 
 
2 15 Pcitr Wr 2 8 
 
1 16 Pcitr Wr 0 8 
 
2 16 Pcitr Wr . . 
 
1 17 Pcitr Wr 3 8 
 
2 17 Pcitr Wr . . 
 
1 18 Pcitr Wr 0 8 
 
2 18 Pcitr Wr . . 
 
1 19 Pcryp Wr 0 8 
 
2 19 Pcryp Wr 1 8 
 
1 20 Pcryp Wr 0 9 
 
2 20 Pcryp Wr 0 8 
 
1 21 Pcryp Wr 0 8 
 
2 21 Pcryp Wr 1 8 
 
1 22 Pcryp Wr 0 8 
 
2 22 Pcryp Wr . . 
 
1 23 Pcryp Wr 0 8 
 
2 23 Pcryp Wr 1 8 
 
1 24 Pcryp Wr 0 8 
 
2 24 Pcryp Wr 0 8 
 
1 25 Pnic Wr 0 8 
 
2 25 Pnic Wr 0 8 
 
1 26 Pnic Wr 0 8 
 
2 26 Pnic Wr 0 8 
 
1 27 Pnic Wr 0 8 
 
2 27 Pnic Wr . . 
 
1 28 Pnic Wr 0 8 
 
2 28 Pnic Wr . . 
 
1 29 Pnic Wr 0 8 
 
2 29 Pnic Wr 1 9 
 
1 30 Pnic Wr 0 8 
 
2 30 Pnic Wr 0 9 
 
1 31 Ppalm Wr 0 8 
 
2 31 Ppalm Wr 3 8 
 
1 32 Ppalm Wr 4 8 
 
2 32 Ppalm Wr . . 
 
1 33 Ppalm Wr 0 9 
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2 33 Ppalm Wr 1 10 
 
1 34 Ppalm Wr 1 9 
 
2 34 Ppalm Wr . . 
 
1 35 Ppalm Wr 3 8 
 
2 35 Ppalm Wr 0 8 
 
1 36 Ppalm Wr 3 8 
 
2 36 Ppalm Wr 1 9 
Juncus effusus 1 1 No trt Sd 0 8 
 
2 1 No trt Sd 0 7 
 
3 1 No trt Sd 0 9 
 
1 2 No trt Sd 0 6 
 
2 2 No trt Sd 0 7 
 
3 2 No trt Sd 0 9 
 
1 3 No trt Sd 0 7 
 
2 3 No trt Sd 0 8 
 
3 3 No trt Sd 0 9 
 
1 4 No trt Sd 0 7 
 
2 4 No trt Sd . . 
 
3 4 No trt Sd 0 9 
 
1 5 No trt Sd 0 7 
 
2 5 No trt Sd 0 8 
 
3 5 No trt Sd 0 9 
 
1 6 No trt Sd 0 7 
 
2 6 No trt Sd . . 
 
3 6 No trt Sd 0 9 
 
1 7 Pcin Sd 0 7 
 
2 7 Pcin Sd 0 7 
 
3 7 Pcin Sd 0 8 
 
1 8 Pcin Sd 0 7 
 
2 8 Pcin Sd 2 7 
 
3 8 Pcin Sd 0 9 
 
1 9 Pcin Sd 0 7 
 
2 9 Pcin Sd 0 7 
 
3 9 Pcin Sd 0 9 
 
1 10 Pcin Sd 0 7 
 
2 10 Pcin Sd . . 
 
3 10 Pcin Sd 0 9 
 
1 11 Pcin Sd 0 8 
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2 11 Pcin Sd 0 7 
 
3 11 Pcin Sd 0 12 
 
1 12 Pcin Sd 0 8 
 
2 12 Pcin Sd 0 6 
 
3 12 Pcin Sd 0 9 
 
1 13 Pcitr Sd 0 7 
 
2 13 Pcitr Sd . . 
 
3 13 Pcitr Sd 0 11 
 
1 14 Pcitr Sd 0 7 
 
2 14 Pcitr Sd 1 0 
 
3 14 Pcitr Sd 0 9 
 
1 15 Pcitr Sd 0 7 
 
2 15 Pcitr Sd 2 7 
 
3 15 Pcitr Sd 0 9 
 
1 16 Pcitr Sd 2 7 
 
2 16 Pcitr Sd 0 8 
 
3 16 Pcitr Sd 0 10 
 
1 17 Pcitr Sd 0 8 
 
2 17 Pcitr Sd . . 
 
3 17 Pcitr Sd 0 8 
 
1 18 Pcitr Sd 0 7 
 
2 18 Pcitr Sd 0 7 
 
3 18 Pcitr Sd 0 10 
 
1 19 Pcryp Sd 2 6 
 
2 19 Pcryp Sd 3 8 
 
3 19 Pcryp Sd 0 9 
 
1 20 Pcryp Sd 3 7 
 
2 20 Pcryp Sd 3 7 
 
3 20 Pcryp Sd 1 10 
 
1 21 Pcryp Sd 0 8 
 
2 21 Pcryp Sd 2 7 
 
3 21 Pcryp Sd 0 8 
 
1 22 Pcryp Sd 1 7 
 
2 22 Pcryp Sd 1 6 
 
3 22 Pcryp Sd 0 9 
 
1 23 Pcryp Sd 0 6 
 
2 23 Pcryp Sd 0 8 
 
3 23 Pcryp Sd 0 9 
 
208 









1 24 Pcryp Sd 1 7 
 
2 24 Pcryp Sd 0 7 
 
3 24 Pcryp Sd 0 9 
 
1 25 Pnic Sd 0 7 
 
2 25 Pnic Sd 0 7 
 
3 25 Pnic Sd 0 8 
 
1 26 Pnic Sd 0 7 
 
2 26 Pnic Sd 0 7 
 
3 26 Pnic Sd 0 11 
 
1 27 Pnic Sd 0 7 
 
2 27 Pnic Sd 0 8 
 
3 27 Pnic Sd 0 9 
 
1 28 Pnic Sd 0 7 
 
2 28 Pnic Sd 1 6 
 
3 28 Pnic Sd 0 11 
 
1 29 Pnic Sd 0 8 
 
2 29 Pnic Sd 4 7 
 
3 29 Pnic Sd 0 9 
 
1 30 Pnic Sd 1 7 
 
2 30 Pnic Sd 1 7 
 
3 30 Pnic Sd 0 8 
 
1 31 Ppalm Sd 4 7 
 
2 31 Ppalm Sd 0 6 
 
3 31 Ppalm Sd 0 9 
 
1 32 Ppalm Sd 6 7 
 
2 32 Ppalm Sd 0 8 
 
3 32 Ppalm Sd 0 8 
 
1 33 Ppalm Sd . . 
 
2 33 Ppalm Sd 0 9 
 
3 33 Ppalm Sd 0 9 
 
1 34 Ppalm Sd 0 8 
 
2 34 Ppalm Sd 0 7 
 
3 34 Ppalm Sd 0 9 
 
1 35 Ppalm Sd 3 7 
 
2 35 Ppalm Sd 0 7 
 
3 35 Ppalm Sd 0 9 
 
1 36 Ppalm Sd 0 7 
 
2 36 Ppalm Sd 0 8 
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3 36 Ppalm Sd 0 9 
 
1 1 No trt Wr 0 7 
 
2 1 No trt Wr 0 6 
 
3 1 No trt Wr 0 8 
 
1 2 No trt Wr 0 7 
 
2 2 No trt Wr 0 7 
 
3 2 No trt Wr 0 9 
 
1 3 No trt Wr 0 7 
 
2 3 No trt Wr 0 7 
 
3 3 No trt Wr 0 9 
 
1 4 No trt Wr 0 7 
 
2 4 No trt Wr . . 
 
3 4 No trt Wr 0 9 
 
1 5 No trt Wr 0 6 
 
2 5 No trt Wr 0 8 
 
3 5 No trt Wr 0 9 
 
1 6 No trt Wr 0 7 
 
2 6 No trt Wr . . 
 
3 6 No trt Wr 0 9 
 
1 7 Pcin Wr 0 7 
 
2 7 Pcin Wr 0 7 
 
3 7 Pcin Wr 0 7 
 
1 8 Pcin Wr 0 7 
 
2 8 Pcin Wr 5 9 
 
3 8 Pcin Wr 0 8 
 
1 9 Pcin Wr 6 7 
 
2 9 Pcin Wr 0 8 
 
3 9 Pcin Wr 1 8 
 
1 10 Pcin Wr 0 7 
 
2 10 Pcin Wr . . 
 
3 10 Pcin Wr 0 9 
 
1 11 Pcin Wr 0 7 
 
2 11 Pcin Wr 0 6 
 
3 11 Pcin Wr 0 10 
 
1 12 Pcin Wr 0 8 
 
2 12 Pcin Wr 0 7 
 
3 12 Pcin Wr 1 8 
 
1 13 Pcitr Wr 2 8 
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2 13 Pcitr Wr . . 
 
3 13 Pcitr Wr 1 10 
 
1 14 Pcitr Wr 3 7 
 
2 14 Pcitr Wr 5 7 
 
3 14 Pcitr Wr 6 10 
 
1 15 Pcitr Wr 0 7 
 
2 15 Pcitr Wr 4 6 
 
3 15 Pcitr Wr 0 9 
 
1 16 Pcitr Wr 4 7 
 
2 16 Pcitr Wr 4 7 
 
3 16 Pcitr Wr 1 9 
 
1 17 Pcitr Wr 1 7 
 
2 17 Pcitr Wr . . 
 
3 17 Pcitr Wr 0 9 
 
1 18 Pcitr Wr 3 7 
 
2 18 Pcitr Wr 2 8 
 
3 18 Pcitr Wr 0 9 
 
1 19 Pcryp Wr 6 6 
 
2 19 Pcryp Wr 8 8 
 
3 19 Pcryp Wr 0 9 
 
1 20 Pcryp Wr 8 8 
 
2 20 Pcryp Wr 3 8 
 
3 20 Pcryp Wr 7 10 
 
1 21 Pcryp Wr 0 7 
 
2 21 Pcryp Wr 7 7 
 
3 21 Pcryp Wr 0 9 
 
1 22 Pcryp Wr 2 6 
 
2 22 Pcryp Wr 6 7 
 
3 22 Pcryp Wr 0 9 
 
1 23 Pcryp Wr 0 7 
 
2 23 Pcryp Wr 3 8 
 
3 23 Pcryp Wr 0 9 
 
1 24 Pcryp Wr 4 7 
 
2 24 Pcryp Wr 3 6 
 
3 24 Pcryp Wr 0 9 
 
1 25 Pnic Wr 2 7 
 
2 25 Pnic Wr 2 7 
 
3 25 Pnic Wr 0 9 
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1 26 Pnic Wr 1 7 
 
2 26 Pnic Wr 4 8 
 
3 26 Pnic Wr 0 9 
 
1 27 Pnic Wr 3 7 
 
2 27 Pnic Wr 6 8 
 
3 27 Pnic Wr 2 9 
 
1 28 Pnic Wr 4 7 
 
2 28 Pnic Wr 0 8 
 
3 28 Pnic Wr 1 11 
 
1 29 Pnic Wr 0 6 
 
2 29 Pnic Wr 4 7 
 
3 29 Pnic Wr 0 9 
 
1 30 Pnic Wr 1 7 
 
2 30 Pnic Wr 3 7 
 
3 30 Pnic Wr 0 8 
 
1 31 Ppalm Wr 2 7 
 
2 31 Ppalm Wr 2 7 
 
3 31 Ppalm Wr 4 9 
 
1 32 Ppalm Wr 5 6 
 
2 32 Ppalm Wr 0 7 
 
3 32 Ppalm Wr 0 9 
 
1 33 Ppalm Wr . . 
 
2 33 Ppalm Wr 3 8 
 
3 33 Ppalm Wr 1 9 
 
1 34 Ppalm Wr 3 8 
 
2 34 Ppalm Wr 1 7 
 
3 34 Ppalm Wr 3 11 
 
1 35 Ppalm Wr 0 7 
 
2 35 Ppalm Wr 0 7 
 
3 35 Ppalm Wr 3 10 
 
1 36 Ppalm Wr 1 7 
 
2 36 Ppalm Wr 3 7 
 
3 36 Ppalm Wr 0 9 
Sagittaria latifolia 1 1 No trt Sd 0 8 
 
2 1 No trt Sd . . 
 
1 2 No trt Sd 0 8 
 
2 2 No trt Sd . . 
 
1 3 No trt Sd 0 9 
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2 3 No trt Sd . . 
 
1 4 No trt Sd 0 9 
 
2 4 No trt Sd . . 
 
1 5 No trt Sd 0 8 
 
2 5 No trt Sd . . 
 
1 6 No trt Sd 0 8 
 
2 6 No trt Sd . . 
 
1 7 Pcin Sd 0 9 
 
2 7 Pcin Sd . . 
 
1 8 Pcin Sd 0 10 
 
2 8 Pcin Sd 0 7 
 
1 9 Pcin Sd 0 9 
 
2 9 Pcin Sd . . 
 
1 10 Pcin Sd 0 10 
 
2 10 Pcin Sd . . 
 
1 11 Pcin Sd 0 8 
 
2 11 Pcin Sd 0 8 
 
1 12 Pcin Sd . . 
 
2 12 Pcin Sd 0 5 
 
1 13 Pcitr Sd 0 8 
 
2 13 Pcitr Sd . . 
 
1 14 Pcitr Sd 0 8 
 
2 14 Pcitr Sd . . 
 
1 15 Pcitr Sd 0 9 
 
2 15 Pcitr Sd . . 
 
1 16 Pcitr Sd . . 
 
2 16 Pcitr Sd . . 
 
1 17 Pcitr Sd 0 8 
 
2 17 Pcitr Sd . . 
 
1 18 Pcitr Sd . . 
 
2 18 Pcitr Sd . . 
 
1 19 Pcryp Sd 0 10 
 
2 19 Pcryp Sd . . 
 
1 20 Pcryp Sd 0 8 
 
2 20 Pcryp Sd . . 
 
1 21 Pcryp Sd 0 9 
 
2 21 Pcryp Sd . . 
 
1 22 Pcryp Sd . . 
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2 22 Pcryp Sd . . 
 
1 23 Pcryp Sd 0 9 
 
2 23 Pcryp Sd . . 
 
1 24 Pcryp Sd 0 9 
 
2 24 Pcryp Sd . . 
 
1 25 Pnic Sd . . 
 
2 25 Pnic Sd . . 
 
1 26 Pnic Sd . . 
 
2 26 Pnic Sd 0 6 
 
1 27 Pnic Sd 0 10 
 
2 27 Pnic Sd . . 
 
1 28 Pnic Sd . . 
 
2 28 Pnic Sd . . 
 
1 29 Pnic Sd 0 9 
 
2 29 Pnic Sd . . 
 
1 30 Pnic Sd 0 8 
 
2 30 Pnic Sd . . 
 
1 31 Ppalm Sd 0 8 
 
2 31 Ppalm Sd . . 
 
1 32 Ppalm Sd 0 10 
 
2 32 Ppalm Sd . . 
 
1 33 Ppalm Sd 0 11 
 
2 33 Ppalm Sd . . 
 
1 34 Ppalm Sd . . 
 
2 34 Ppalm Sd . . 
 
1 35 Ppalm Sd 0 8 
 
2 35 Ppalm Sd . . 
 
1 36 Ppalm Sd 0 8 
 
2 36 Ppalm Sd . . 
 
1 1 No trt Wr 0 8 
 
2 1 No trt Wr . . 
 
1 2 No trt Wr 0 8 
 
2 2 No trt Wr . . 
 
1 3 No trt Wr 0 9 
 
2 3 No trt Wr . . 
 
1 4 No trt Wr 0 9 
 
2 4 No trt Wr . . 
 
1 5 No trt Wr 0 8 
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2 5 No trt Wr . . 
 
1 6 No trt Wr 0 8 
 
2 6 No trt Wr . . 
 
1 7 Pcin Wr 0 9 
 
2 7 Pcin Wr . . 
 
1 8 Pcin Wr 0 8 
 
2 8 Pcin Wr 0 7 
 
1 9 Pcin Wr 0 9 
 
2 9 Pcin Wr . . 
 
1 10 Pcin Wr 0 9 
 
2 10 Pcin Wr . . 
 
1 11 Pcin Wr 0 8 
 
2 11 Pcin Wr 4 8 
 
1 12 Pcin Wr . . 
 
2 12 Pcin Wr 1 7 
 
1 13 Pcitr Wr 0 9 
 
2 13 Pcitr Wr . . 
 
1 14 Pcitr Wr 0 8 
 
2 14 Pcitr Wr . . 
 
1 15 Pcitr Wr 0 8 
 
2 15 Pcitr Wr . . 
 
1 16 Pcitr Wr . . 
 
2 16 Pcitr Wr . . 
 
1 17 Pcitr Wr 0 8 
 
2 17 Pcitr Wr . . 
 
1 18 Pcitr Wr . . 
 
2 18 Pcitr Wr . . 
 
1 19 Pcryp Wr 0 9 
 
2 19 Pcryp Wr . . 
 
1 20 Pcryp Wr 0 8 
 
2 20 Pcryp Wr . . 
 
1 21 Pcryp Wr 0 8 
 
2 21 Pcryp Wr . . 
 
1 22 Pcryp Wr . . 
 
2 22 Pcryp Wr . . 
 
1 23 Pcryp Wr 0 9 
 
2 23 Pcryp Wr . . 
 
1 24 Pcryp Wr 0 9 
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2 24 Pcryp Wr . . 
 
1 25 Pnic Wr . . 
 
2 25 Pnic Wr . . 
 
1 26 Pnic Wr . . 
 
2 26 Pnic Wr 0 8 
 
1 27 Pnic Wr 0 10 
 
2 27 Pnic Wr . . 
 
1 28 Pnic Wr . . 
 
2 28 Pnic Wr . . 
 
1 29 Pnic Wr 0 9 
 
2 29 Pnic Wr . . 
 
1 30 Pnic Wr 0 8 
 
2 30 Pnic Wr . . 
 
1 31 Ppalm Wr 0 8 
 
2 31 Ppalm Wr . . 
 
1 32 Ppalm Wr 2 9 
 
2 32 Ppalm Wr . . 
 
1 33 Ppalm Wr 0 9 
 
2 33 Ppalm Wr . . 
 
1 34 Ppalm Wr . . 
 
2 34 Ppalm Wr . . 
 
1 35 Ppalm Wr 0 8 
 
2 35 Ppalm Wr . . 
 
1 36 Ppalm Wr 0 8 
 
2 36 Ppalm Wr . . 
Typha latifolia 1 1 No trt Sd . . 
 
1 2 No trt Sd 0 8 
 
1 3 No trt Sd 0 10 
 
1 4 No trt Sd 0 9 
 
1 5 No trt Sd 0 8 
 
1 6 No trt Sd 0 10 
 
1 7 Pcin Sd 0 8 
 
1 8 Pcin Sd 0 10 
 
1 9 Pcin Sd 0 8 
 
1 10 Pcin Sd 0 8 
 
1 11 Pcin Sd 0 8 
 
1 12 Pcin Sd 0 9 
 
1 13 Pcitr Sd 0 9 
 
216 









1 14 Pcitr Sd 0 9 
 
1 15 Pcitr Sd 0 9 
 
1 16 Pcitr Sd 0 9 
 
1 17 Pcitr Sd 0 8 
 
1 18 Pcitr Sd 0 8 
 
1 19 Pcryp Sd 0 8 
 
1 20 Pcryp Sd 0 11 
 
1 21 Pcryp Sd . . 
 
1 22 Pcryp Sd 0 12 
 
1 23 Pcryp Sd 0 11 
 
1 24 Pcryp Sd 0 10 
 
1 25 Pnic Sd 0 9 
 
1 26 Pnic Sd 0 8 
 
1 27 Pnic Sd . . 
 
1 28 Pnic Sd 0 10 
 
1 29 Pnic Sd 0 11 
 
1 30 Pnic Sd 0 8 
 
1 31 Ppalm Sd 0 10 
 
1 32 Ppalm Sd 0 11 
 
1 33 Ppalm Sd 0 10 
 
1 34 Ppalm Sd 0 9 
 
1 35 Ppalm Sd 0 8 
 
1 36 Ppalm Sd 0 9 
 
1 1 No trt Wr . . 
 
1 2 No trt Wr 0 8 
 
1 3 No trt Wr 0 9 
 
1 4 No trt Wr 0 9 
 
1 5 No trt Wr 0 8 
 
1 6 No trt Wr 0 11 
 
1 7 Pcin Wr 0 8 
 
1 8 Pcin Wr 0 8 
 
1 9 Pcin Wr 0 8 
 
1 10 Pcin Wr 0 8 
 
1 11 Pcin Wr 0 8 
 
1 12 Pcin Wr 0 11 
 
1 13 Pcitr Wr 0 8 
 
1 14 Pcitr Wr 0 8 
 
1 15 Pcitr Wr 0 9 
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1 16 Pcitr Wr 0 9 
 
1 17 Pcitr Wr 0 8 
 
1 18 Pcitr Wr 0 8 
 
1 19 Pcryp Wr 2 8 
 
1 20 Pcryp Wr 0 9 
 
1 21 Pcryp Wr . . 
 
1 22 Pcryp Wr 0 8 
 
1 23 Pcryp Wr 0 10 
 
1 24 Pcryp Wr 0 10 
 
1 25 Pnic Wr 0 9 
 
1 26 Pnic Wr 0 8 
 
1 27 Pnic Wr . . 
 
1 28 Pnic Wr 0 9 
 
1 29 Pnic Wr 0 10 
 
1 30 Pnic Wr 0 8 
 
1 31 Ppalm Wr 2 10 
 
1 32 Ppalm Wr 0 9 
 
1 33 Ppalm Wr 1 8 
 
1 34 Ppalm Wr 0 9 
 
1 35 Ppalm Wr 1 8 
 
1 36 Ppalm Wr 2 10 













S. latifolia 1 No trt 1.23 30 0.5 0 
 
1 No trt 1.23 30 0.5 0 
 
1 No trt 1.23 30 1 0 
 
1 No trt 1.23 30 1 0 
 
2 No trt 0.35 15 0.5 0 
 
2 No trt 0.35 15 0.5 0 
 
2 No trt 0.35 15 1 0 
 
2 No trt 0.35 15 1 0 
 
3 No trt 0.53 15 0.5 0 
 
3 No trt 0.53 15 0.5 0 
 
3 No trt 0.53 15 1 0 
 
3 No trt 0.53 15 1 0 
 
4 No trt 1.01 30 0.5 0 
 
4 No trt 1.01 30 0.5 0 
 
4 No trt 1.01 30 1 0 
 
4 No trt 1.01 30 1 0 
 
5 No trt 0.86 30 0.5 0 
 
5 No trt 0.86 30 0.5 0 
 
5 No trt 0.86 30 1 0 
 
5 No trt 0.86 30 1 0 
 
6 No trt 0.49 15 0.5 0 
 
6 No trt 0.49 15 0.5 0 
 
6 No trt 0.49 15 1 0 
 
6 No trt 0.49 15 1 0 
 
7 Pcin 2 30 0.5 0 
 
7 Pcin 2 30 0.5 0 
 
7 Pcin 2 30 1 0 
 
7 Pcin 2 30 1 0 
 
8 Pcin 
    
 
8 Pcin 
    
 
8 Pcin 
    
 
8 Pcin 
    
 
9 Pcin 2.19 30 0.5 0 
 
9 Pcin 2.19 30 0.5 0 
 
9 Pcin 2.19 30 1 0 
 
9 Pcin 2.19 30 1 0 
 
10 Pcin 0.6 15 0.5 0 
 
10 Pcin 0.6 15 0.5 0 
 














10 Pcin 0.6 15 1 0 
 
11 Pcin 0.11 15 0.5 0 
 
11 Pcin 0.11 15 0.5 0 
 
11 Pcin 0.11 15 1 0 
 
11 Pcin 0.11 15 1 0 
 
12 Pcin 
    
 
12 Pcin 
    
 
12 Pcin 
    
 
12 Pcin 
    
 
13 Pcitr 0.2 15 0.5 0 
 
13 Pcitr 0.2 15 0.5 0 
 
13 Pcitr 0.2 15 1 0 
 
13 Pcitr 0.2 15 1 0 
 
14 Pcitr 0.48 15 0.5 0 
 
14 Pcitr 0.48 15 0.5 0 
 
14 Pcitr 0.48 15 1 0 
 
14 Pcitr 0.48 15 1 0 
 
15 Pcitr 1.46 30 0.5 0 
 
15 Pcitr 1.46 30 0.5 0 
 
15 Pcitr 1.46 30 1 0 
 
15 Pcitr 1.46 30 1 0 
 
16 Pcitr 2.12 30 0.5 0 
 
16 Pcitr 2.12 30 0.5 0 
 
16 Pcitr 2.12 30 1 0 
 
16 Pcitr 2.12 30 1 0 
 
17 Pcitr 2.37 30 0.5 0 
 
17 Pcitr 2.37 30 0.5 0 
 
17 Pcitr 2.37 30 1 0 
 
17 Pcitr 2.37 30 1 0 
 
18 Pcitr 
    
 
18 Pcitr 
    
 
18 Pcitr 
    
 
18 Pcitr 
    
 
19 Pcryp 1.76 30 0.5 0 
 
19 Pcryp 1.76 30 0.5 0 
 
19 Pcryp 1.76 30 1 0 
 
19 Pcryp 1.76 30 1 0 
 
20 Pcryp 0.25 15 0.5 0 
 














20 Pcryp 0.25 15 1 0 
 
20 Pcryp 0.25 15 1 0 
 
21 Pcryp 0.83 30 0.5 0 
 
21 Pcryp 0.83 30 0.5 0 
 
21 Pcryp 0.83 30 1 0 
 
21 Pcryp 0.83 30 1 0 
 
22 Pcryp 
    
 
22 Pcryp 
    
 
22 Pcryp 
    
 
22 Pcryp 
    
 
23 Pcryp 1.9 30 0.5 0 
 
23 Pcryp 1.9 30 0.5 0 
 
23 Pcryp 1.9 30 1 0 
 
23 Pcryp 1.9 30 1 0 
 
24 Pcryp 0.63 15 0.5 0 
 
24 Pcryp 0.63 15 0.5 0 
 
24 Pcryp 0.63 15 1 0 
 
24 Pcryp 0.63 15 1 0 
 
25 Pnic 
    
 
25 Pnic 
    
 
25 Pnic 
    
 
25 Pnic 
    
 
26 Pnic 
    
 
26 Pnic 
    
 
26 Pnic 
    
 
26 Pnic 
    
 
27 Pnic 0.25 15 0.5 0 
 
27 Pnic 0.25 15 0.5 0 
 
27 Pnic 0.25 15 1 0 
 
27 Pnic 0.25 15 1 0 
 
28 Pnic 
    
 
28 Pnic 
    
 
28 Pnic 
    
 
28 Pnic 
    
 
29 Pnic 0.21 15 0.5 0 
 
29 Pnic 0.21 15 0.5 0 
 
29 Pnic 0.21 15 1 0 
 
29 Pnic 0.21 15 1 0 
 














30 Pnic 0.79 30 0.5 0 
 
30 Pnic 0.79 30 1 0 
 
30 Pnic 0.79 30 1 0 
 
31 Ppalm 0.81 30 0.5 0 
 
31 Ppalm 0.81 30 0.5 0 
 
31 Ppalm 0.81 30 1 0 
 
31 Ppalm 0.81 30 1 0 
 
32 Ppalm 0.5 15 0.5 0 
 
32 Ppalm 0.5 15 0.5 0 
 
32 Ppalm 0.5 15 1 0 
 
32 Ppalm 0.5 15 1 0 
 
33 Ppalm 0.78 30 0.5 0 
 
33 Ppalm 0.78 30 0.5 0 
 
33 Ppalm 0.78 30 1 0 
 
33 Ppalm 0.78 30 1 0 
 
34 Ppalm 
    
 
34 Ppalm 
    
 
34 Ppalm 
    
 
34 Ppalm 
    
 
35 Ppalm 1.42 30 0.5 0 
 
35 Ppalm 1.42 30 0.5 0 
 
35 Ppalm 1.42 30 1 0 
 
35 Ppalm 1.42 30 1 0 
 
36 Ppalm 2.17 30 0.5 0 
 
36 Ppalm 2.17 30 0.5 0 
 
36 Ppalm 2.17 30 1 0 
 
36 Ppalm 2.17 30 1 0 
T. latifolia 2 No trt 2.44 30 0.5 0 
 
2 No trt 2.44 30 0.5 0 
 
2 No trt 2.44 30 1 0 
 
2 No trt 2.44 30 1 0 
 
3 No trt 0.4 30 0.5 0 
 
3 No trt 0.4 30 0.5 0 
 
3 No trt 0.4 30 1 0 
 
3 No trt 0.4 30 1 0 
 
4 No trt 2.21 30 0.5 0 
 
4 No trt 2.21 30 0.5 0 
 
4 No trt 2.21 30 1 0 
 














5 No trt 0.9 30 1 0 
 
5 No trt 0.9 30 1 0 
 
5 No trt 0.9 30 0.5 0 
 
5 No trt 0.9 30 0.5 0 
 
6 No trt 0.84 30 0.5 0 
 
6 No trt 0.84 30 0.5 0 
 
6 No trt 0.84 30 1 0 
 
6 No trt 0.84 30 1 0 
 
7 Pcin 2.11 30 0.5 0 
 
7 Pcin 2.11 30 0.5 0 
 
7 Pcin 2.11 30 1 0 
 
7 Pcin 2.11 30 1 0 
 
8 Pcin 1.21 30 0.5 0 
 
8 Pcin 1.21 30 0.5 0 
 
8 Pcin 1.21 30 1 0 
 
8 Pcin 1.21 30 1 0 
 
9 Pcin 2.16 30 0.5 0 
 
9 Pcin 2.16 30 0.5 0 
 
9 Pcin 2.16 30 1 0 
 
9 Pcin 2.16 30 1 0 
 
10 Pcin 1.1 30 0.5 0 
 
10 Pcin 1.1 30 0.5 0 
 
10 Pcin 1.1 30 1 0 
 
10 Pcin 1.1 30 1 0 
 
11 Pcin 1.68 30 1 0 
 
11 Pcin 1.68 30 1 0 
 
11 Pcin 1.68 30 0.5 0 
 
11 Pcin 1.68 30 0.5 0 
 
12 Pcin 0.8 30 1 1 
 
12 Pcin 0.8 30 0.5 0 
 
12 Pcin 0.8 30 0.5 0 
 
12 Pcin 0.8 30 1 0 
 
13 Pcitr 0.34 30 0.5 0 
 
13 Pcitr 0.34 30 0.5 0 
 
13 Pcitr 0.34 30 1 0 
 
13 Pcitr 0.34 30 1 0 
 
14 Pcitr 1.65 30 1 0 
 
14 Pcitr 1.65 30 1 0 
 














14 Pcitr 1.65 30 0.5 0 
 
15 Pcitr 1.19 30 1 0 
 
15 Pcitr 1.19 30 1 0 
 
15 Pcitr 1.19 30 0.5 0 
 
15 Pcitr 1.19 30 0.5 0 
 
16 Pcitr 2.41 30 0.5 0 
 
16 Pcitr 2.41 30 0.5 0 
 
16 Pcitr 2.41 30 1 0 
 
16 Pcitr 2.41 30 1 0 
 
17 Pcitr 1.73 30 0.5 0 
 
17 Pcitr 1.73 30 0.5 0 
 
17 Pcitr 1.73 30 1 0 
 
17 Pcitr 1.73 30 1 0 
 
18 Pcitr 2.43 30 0.5 0 
 
18 Pcitr 2.43 30 0.5 0 
 
18 Pcitr 2.43 30 1 0 
 
18 Pcitr 2.43 30 1 0 
 
19 Pcryp 1.91 30 0.5 0 
 
19 Pcryp 1.91 30 1 0 
 
19 Pcryp 1.91 30 1 0 
 
19 Pcryp 1.91 30 0.5 0 
 
20 Pcryp 0.96 30 0.5 0 
 
20 Pcryp 0.96 30 0.5 0 
 
20 Pcryp 0.96 30 1 0 
 






















22 Pcryp 2.2 30 0.5 0 
 
22 Pcryp 2.2 30 0.5 0 
 
22 Pcryp 2.2 30 1 0 
 
22 Pcryp 2.2 30 1 0 
 
23 Pcryp 2.12 30 0.5 0 
 
23 Pcryp 2.12 30 0.5 0 
 
23 Pcryp 2.12 30 1 0 
 
23 Pcryp 2.12 30 1 0 
 
24 Pcryp 2.1 30 0.5 0 
 














24 Pcryp 2.1 30 1 0 
 
24 Pcryp 2.1 30 1 0 
 
25 Pnic 1.93 30 0.5 0 
 
25 Pnic 1.93 30 0.5 0 
 
25 Pnic 1.93 30 1 0 
 
25 Pnic 1.93 30 1 0 
 
26 Pnic 2 30 0.5 0 
 
26 Pnic 2 30 0.5 0 
 
26 Pnic 2 30 1 0 
 






















28 Pnic 2.16 30 0.5 0 
 
28 Pnic 2.16 30 0.5 0 
 
28 Pnic 2.16 30 1 0 
 
28 Pnic 2.16 30 1 0 
 
29 Pnic 2.06 30 0.5 0 
 
29 Pnic 2.06 30 0.5 0 
 
29 Pnic 2.06 30 1 0 
 
29 Pnic 2.06 30 1 0 
 
30 Pnic 21.7 30 0.5 0 
 
30 Pnic 2.17 30 0.5 0 
 
30 Pnic 2.17 30 1 0 
 
30 Pnic 2.17 30 1 0 
 
31 Ppalm 1.26 30 0.5 0 
 
31 Ppalm 1.26 30 0.5 0 
 
31 Ppalm 1.26 30 1 0 
 
31 Ppalm 1.26 30 1 0 
 
32 Ppalm 2.38 30 0.5 0 
 
32 Ppalm 2.38 30 0.5 0 
 
32 Ppalm 2.38 30 1 0 
 
32 Ppalm 2.38 30 1 0 
 
33 Ppalm 1.33 30 1 0 
 
33 Ppalm 1.33 30 1 0 
 
33 Ppalm 1.33 30 0.5 0 
 
33 Ppalm 1.33 30 0.5 0 
 














34 Ppalm 2.71 30 0.5 0 
 
34 Ppalm 2.71 30 1 0 
 
34 Ppalm 2.71 30 1 0 
 
35 Ppalm 2.2 30 0.5 0 
 
35 Ppalm 2.2 30 0.5 0 
 
35 Ppalm 2.2 30 1 0 
 
35 Ppalm 2.2 30 1 0 
 
36 Ppalm 2.47 30 0.5 0 
 
36 Ppalm 2.47 30 0.5 0 
 
36 Ppalm 2.47 30 1 0 
 






GPS coordinates for sites within the two constructed wetland systems at the 
nursery in Cairo, GA from which plants were collected to determine if wetland plant roots 
were infested by species of Phytophthora.  These coordinates can be mapped using ARC GIS 
software using the reference coordinate system WGS 84.  
Site number Site location 
1 30.84690, -84.23333 
2 30.84610, -84.23384 
3 30.84464, -84.23404 
4 30.84316, -84.23428 
5 30.84317, -84.23537 
6 30.84200, -84.23336 
7 30.84256, -84.23519 
8 30.84196, -84.23477 
9 30.84180, -84.23223 
10 30.86346, -84.22301 
11 30.86240, -84.22268 
12 30.86111, -84.22262 
13 30.85995, -84.22260 
14 30.86119, -84.22298 
15 30.85903, -84.22280 
16 30.86054, -84.22211 
 
 
 
